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Submarine Cables in Norway 


By CHRISTIAN W. HIRSCH 
Standard Telefon og Kabelfabrik A/S, Oslo, Norway 


/ | АНЕ Norwegian coastline, measured 
around all islands and fiords, has a 
total length of about 20,000 kilometers 

(12,427 miles). Under the influence of the Gulf 

Stream, the coastal climate is rather mild, in 

spite of the northerly position of the country, 

between 58 and 71 degrees north. Fisheries and 
shipping are important sources of income, and 

a comparatively great part of the population 

lives along the coast, even in the roughest and 

most isolated parts. 


Electrification Progress 


The accompanying map shows the fiords which 
penetrate far into the mainland, while the inner 
coastline is protected against the open sea by 
numerous islands—the Norwegian skerries. The 
fiords are deep, and there are a great number of 
waterfalls, which can be harnessed cheaply for 
the production of electric energy. These condi- 
tions, in conjunction with convenient ice-free 
harbors, are very suitable for the large-scale 
development of an electrochemical industry. 

The great industrial plants along the coast 
usually supply the neighboring districts with 
electric power and, in addition, many com- 
munities, counties, and cities have built their 
own stations. However, there are still numerous 
districts which as yet have no supply of electric 
power. The distances over which energy must be 
transmitted may be fairly long, since the popula- 
tion is quite scattered, and the distribution 
costs are, consequently, rather high because of 
the comparatively low demand. Therefore, over 
wide areas along the coast, and particularly in 
the north, the population has not yet been able 
to raise the funds necessary to secure a supply of 
electric power. 

During the years immediately preceding and 
those following the war, the Norwegian govern- 
ment subsidized the electrification schemes in 
these districts; partly to promote industry and 
fish-refrigerating plants and partly to provide 
electric power for cooking and heating, thus 
avoiding excessive cutting of timber in the 


coastal districts, or the excavation of peat for 
fuel in areas where the ground could otherwise 
be quite easily cultivated 

The electrification of the coastal districts 
necessitates a comprehensivé use of submarine 
cables between islands and from islands to the 
mainland, and also for crossing the fiords which 
cut into the mainland. Power transmission is 
normally at 20 kilovolts, with 3-phase, 50-cvcle- 
per-second supply. This is also generally used 
for transmission over submarine cables. These 
cables are of the 3-core, 25- or 35-square-milli- 
meter-conductor Z7 type, being lead covered with 
single-steel-wire armoring and jute serving. The 
armoring is, of coürse, specially designed to 
withstand the very high stresses occurring during 
laying the cable and in subsequent service. 

As the 20-kilovolt cable can carry 4000 kilo- 
volt-amperes, and as the load in many cases is 
only 10 percent or less of this rated capacity, 
the voltage for secondary supply mains con- 
nected to the main cable line is sometimes re- 
duced to 10 kilovolts, so that ordinary belt- 
insulated submarine cables may be employed. 
Only a very simple calculation is necessary to 
determine if this is economically feasible. An- 
other alternative is the use of aluminum con- 
ductors instead of copper. 

During and after the war, several 60-kilovolt 
submarine cables have been designed and ordered 
for the main supply lines to cities and some of the 
larger islands. Usually, oil-filled cables are used, - 
to reduce insulation thickness and thereby weight 
and price. Gas-pressurized cables can also be 
used. At depths greater than 150 meters (492 
feet), the water pressure will exceed the internal 
15 atmospheres of gas pressure and the rein- 
forcing tape normally placed around the lead 
sheath can be omitted. 


Sea Water as Return Conductor 


The possibility of single-phase submarine 
cables using the water for the return conductor 
has been discussed. Tests on a submarine cable 
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Cable being coiled on a railway flat car for transporta- ^ Coiling submarine telephone cable after lead-covering 
tion to the cable ship. Several such cars are necessary process. The cable has yet to be armored and jute served, 
when a cable of considerable length is shipped. and is transported on the above reel for these processes. 


Cable being reeled for 
shipment on special railway 
car designed for heavy 
loading. 


SUBMARINE CABLES 


showed that salt water, the lead sheath, and the 
armoring, all in parallel, have a resistance of 
0.084 ohm per kilometer (0.156 ohm per nautical 
mile) at 50. cycles, and the short-circuit im- 
pedance has a phase angle of cos e = 0.93. 
'The return conductivity thus represents a 
copper conductor of 150-square-millimeter cross 
section, and the voltage drop in a single-phase 
cable with a conductor of small cross section is 
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not much higher than in a. 3-phase cable of the 
same working voltage and conductor cross 
section. As the cost of the single-phase cable is 
less than 50 percent of the 3-phase cable, it is 
possible to use single-phase cables for many 
projects which otherwise would be too expensive. 
A special transformer is required, but this does 
not add to the cost, as the voltage would have 
to be reduced anyway in most cases. The lack 


Map of Norway, illustrating the numerous fiords and islands along the coast. Coastwise transmission of power and 
of telephone service is facilitated by the use of submarine cables, 
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Loading a 38-ton reel of 
submarine cable onto a cable 
ship. 
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Reel of cable on a cable- 
laying lighter. The terrain at 
a typical deep fiord is shown 
here. 
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Cable coiled in ship's hold. Note the trough through 
which the cable is fed from the hold to a ond at the 
bow of the ship, and thence into the sea. 


of 3-phase current might be a drawback to the 
development of industry, and if 3-phase current 
should eventually be required, another single- 


Laying of submarine cable from a lighter. Tug boats are 
used to move the lighter. 


phase cable may be laid and the water used for 
the third conductor. 

Important main-line cables can be constructed 
with three single-phase cables, and if one of the 
cables should break down, the water can be 
used as a spare conductor until repairs are made. 

The impedance of salt water increases very 
rapidly with frequency. At 800 cycles nearly the 
whole return current will flow in the lead sheath. 
This is important, because it proves that dis- 
turbances in a single-phase submarine power 
cable wil not affect neighboring iElepnone 
cables. 


Manufacture 


Standard Telefon og Kabelfabrik A/S, the 
only Norwegian manufacturer of lead-covered 
cables, has manufactured and installed most of 
the submarine power cables in Norway for many 
years. During 1939, one year before the German 
attack, more than 150 tons of submarine power 
cables. were manufactured, and 9 cables were 
laid on the north and west coasts. 

'The manufacture, transportation, and installa- 
tion of submarine cables raises many interesting 
technical problems. Within the factory, the 
problem is covering very long lengths of cables 
with lead, and the necessary transportation 
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between fabrication processes (see accompany- 
ing photographs). Submarine power cables in 
single lengths up to 6 kilometers (3.24 nautical 
miles) are not uncommon, and the weight of a 
finished length of such cable amounts in many 
cases to more than 50 tons. Submarine telephone 
cables are often even longer and heavier. In May, 
1947, manufacture of a deep-sea telephone cable 
in one length of 20 kilometers (10.8 nautical 
miles) was completed. The total weight of this 
cable was 125 tons, and it occupied 3 adjacent 
railway cars for transportation from the factory 
to the harbor. The cable was constructed with 3 
paper-insulated star quads of 1.4-millimeter 
copper conductors, each .quad shielded. The 
capacitance is approximately 0.04 microfarad 
per kilometer (0.073 microfarad per nautical 
mile). The twisted quads were protected against 
outside water pressure by a spiral steel tape 
within a 3.0-millimeter lead sheath (2-percent 
tn alloy). The armoring consisted of 4.2- 
millimeter galvanized-steel wires with outside 
jute serving and a total diameter of 40 milli- 
meters. К 

This cable was manufactured for the Norwe- 
gian telegraph administration, and is to be laid 
in depths as great as 800 meters (2625 feet). 


Transportation 


Hitherto, the main difficulties in the transpor- 
tation of submarine cables have been the long 


The cable ship Stanelco. 


distances and the lack of lifting cranes of suffi- 
cient capacity in the remote coastal districts. 
Laying the cable can be done either from a reel 
on a lighter, or by means of specially equipped 
cable ships. The method chosen depends on the 
conditions. 

If the cable should be laid not too far from 
Oslo, or wherever lifting facilities were adequate, 
the cable could be coiled on a big reel, installed in 
a lighter specially fitted with a reel-brake equip- 
ment, and towed to the site. The reel was trans- 
ported by railway to the most convenient harbor. 
If the cable was very heavy or long, or the towing 
distance too great, a special cable ship was used. 
To reduce costs, several lengths of cable were 
usually transported and laid during each trip. In 
this case, the cables were coiled in the ship's hold 
and paid out over a bow wheel by means of a 
capstan device, an arrangement no doubt famil- 
iar to many. The photographs included with this 
article illustrate some of these methods. 

In the future, most of the submarine cables 
manufactured by Standard Telefon og Kabel- 
fabrik are expected to be transported and in- 
stalled by means of the company's new cable 
ship Stanelco, which was put in service last 


summer. | 
Stanelco is a former antiaircraft gunboat, 
originally built in England in 1944 for landing 
operations and reconstructed in Norwegian ship- 
yards. The ship is 154 feet long, 21 feet wide, 
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Cable installation at 71 degrees north latitude. The 
pot-head termination of the 3-phase cable is supported 
on the lower wooden cross arm. 


with 2 cable store rooms of 5600 cubic feet. It has 
a displacement of 310 tons. The machine room 
is equipped with two diesel engines, each of 500 
horsepower, and three diesel-driven direct-cur- 
rent electric generators, each rated at 30 kilo- 
watts, 220 volts. Stanelco has many facilities 
that make the ship well fitted for cable laying, 
such as sounding equipment and a portable 
public-address system. Furthermore, a 40-watt 
duplex radiotelephone installation makes it pos- 
sible to communicate with the office in Oslo 
regardless of the ship’s position. 


Installation 


The laying of submarine cables always in- 
volves a certain amount of uncertainty, and 
requires experience and careful planning. The 
Norwegian fiords are bounded by high and steep 
mountains which extend in many cases almost 
vertically below the surface of the water to the 
bed of the fiord, while the bottom itself is more 
or less flat. The depths vary in most cases from 
200 to 300 meters (656-984 feet), but many 
fiords are more than 600 meters (1969 feet) deep, 
and some even exceed 1200 meters (3937 feet). 
As the cable generally weighs 10 to 15 kilograms 
per meter (20 to 30 pounds per yard), it will be 
subject to very high stresses during the paying 


out, and also at the shore ends where the cable 
is anchored. It is most important during the 
laying process to give the cable at the bottom 
sufficiently high tension to avoid coiling, but it 
must not be so high that the cable does not” 
closely follow the bottom profile. At the greater 
depths this is rather difficult to do. 

Out in the skerries, the sea is generally 
shallower than in the fiords. Unfortunately, 
however, the placing of submarine cables is. 
impeded here by strong tides and heavy seas 
from the ocean. When in service, the cables in 
the skerries are greatly exposed to storm and 
damage from breakers, and must be carefully 
protected where they are brought ashore; further- 
more, specially heavy armoring must be applied 
where the water is shallow, to make the cable 
secure from damage resulting from severe ground 
swells. 

The submarine cables are normally installed 
during the summer season, but it may happen 
that the work must be done in the autumn, and 
even in the wintertime. In such cases, one must 
allow for long delays due to storm and rough 
weather. In October, 1939, during an installation 
near Hammerfest, the most northern city in the 
world, the cable ship was weatherbound for one 
week in a snowstorm, and at another installation 
south of Bodó in December, 1939, the transpor- 
tation of the cable reel by sea was delayed for one 
week by a snowstorm. Finally the cable arrived 
and was laid on the 20th of December in calm, 
bright weather; at this time of the year there are 
only 4 hours of daylight in this area, which is 
within the arctic circle. The next day a storm 
blew up which continued for three weeks. 

The low temperature gives trouble in the 
wintertime: In January, some years ago, a high- 
tension submarine cable was transported by 
railway to Narvik. This was during an extremely 
cold period with the temperature at approxi- 
mately —60 degrees Fahrenheit. Although this 
does no harm to the cable, it becomes as stiff as 
wood and cannot be handled. When received in 
Narvik, the cable was heated electrically, a 
process which continued as it was paid out to 
the cable ship. 

However, as mentioned above, submarine 
cables are normally installed in the summer, 
when it is an interesting and agreeable job to 
people who like salt water. 


Mine Detectors and Mine Disposal in France 


By ANDRE VIOLET 
Le Matériel Téléphonique, Boulogne sur Seine, France 


ETECTION of land mines was of great 
importance during World War IT and 
after the termination of hostilities. 

Several types of mines that were used in large 
numbers are described briefly. The operating 
principles of the most successful mine detectors 
are outlined, and descriptions are given of 
instruments produced in Great Britain, France, 
Germany, and the U.S.A. 

Mines were first used extensively in the 1914— 
1918 war. In addition to sea mines and land 
mines under trench supports, shells, torpedoes, 
and grenades fitted with contact fuses were 
carefully concealed in the ground. The purpose 
of mines is usually to slow down an advance, with 
maximum losses for the attackers and minimum 
losses for the defenders. In addition, a psycho- 
logical demoralizing effect is produced. 

During the second world war, mines were 
employed by all belligerents on a very large 
scale. In the first weeks of 1939, French attacks 
were met with various destructive devices; 
explosions were set off by the sudden movement 
of a wire stretched close to the ground or by the 
opening of the door of an empty house. “Booby 
traps" were built around such things as fountain 
pens, bicycles, dead horses, and food, used as 
"bait." 

Since that time, the technique of booby traps 
has advanced in cunning. For instance, an 
abandoned house was left with its door ajar to 
invite investigation; the mine remover, taking 
cover behind a barrel in front of the house, 
pushed the door open with a pole and was 
struck from behind by a mine set up in a ditch 
and connected to the door by an underground 
wire. 


1. German Mines 


All German mines used in France fall into two 
classes: 


A. Antitank and antivehicle mines, containing several 
pounds of high explosive, operated by loads of the order 
of 400 to 600 pounds, and causing damage to or destruction 
of vehicles, whether armored or not. 


B. Antipersonnel mines, operated by loads varying from a 
few ounces to several pounds, often causing fatal wounds 
either by their blasting effects in shattering the lower limbs 
or by throwing splinters causing deep wounds. Frequently 
they were in the form of booby traps. 


Mines of the first kind were sometimes used 
with light-pressure fuses; they then fall into the 
second class. They may even incorporate fea- 
tures in both categories by having a main fuse 
that is not very sensitive and a highly sensitive 
secondary fuse. 

Among the devices of the first category, that 
most usually encountered was the Tellermine, а 
circular steel container, 10% inches in diameter 
and about 4 inches in height. It contains about 
11 pounds of explosive; its fuse is sometimes de- 
signed to operate either by being stepped on or 
by moving the mine. It may also cover a second 


Tellermine, a steel container holding about 11 pounds 
of explosive. Normally fused to explode when stepped on. 
Used for antitank and antivehicle work. 


Riegelmine for antitank and antivehicle service. The 
steel box is about 31 inches long. 


10 


MINE DETECTORS AND MINE DISPOSAL IN FRANCE и 


mine, which explodes when unearthed. Illustra- 
tions of this mine and others described in this 
section are included in the paper. 

Among other antitank and antivehicle mines, 
mention must be made of the Riegelmine, a 
rectangular steel box 31 inches long; the Holz- 
mine, a wooden mine one foot in length which 
contains but little metal, except in the form of 
the fuse, nails, and iron wire; and the Topfmine, 
a large asphalt container with a chemical igniter 
consisting of sulphuric acid and potassium 
chlorate, and with practically no metal. 

Among the usual antipersonnel mines is the 5 
mine, which is 4 inches in diameter and 42 inches 
in height, and contains a bomb loaded with steel 
balls or metal fragments. When operated by a 
vertical pressure fuse, normally set for 15 to 25 
pounds, the bomb jumps up 6 feet before ex- 
ploding, and the scattering metal splinters are 
generally fatal over a radius of about 150 feet. 
This device was most respected by the mine- 
clearing squads. 

The Schümine, is a small wooden foot-shatter- 
ing mine fitted with a bakelite-and-metal fuse 
and loaded with 200 grams of explosive. 

The glass mine is generally provided with a 
steel plate and a metal lever-type fuse. 

The mustard pot is a small sheet-metal mine 
only 3 inches in diameter. 

Additional types of mines made by the various 
belligerents were also encountered; they include 
about 150 different types. 

After the liberation, there were in French 
territory about 15 million mines, generally 
scattered along the coastal regions and in the 
Normandy and Alsace-Lorraine battlefields. A 
certain number were also found around such 
places as air fields, radio transmitters, service 
headquarters, and high-voltage towers to give 
protection against sabotage during the occupa- 
tion by the enemy. 

Those that had been laid by the Germans 
before active military operations began were 
arranged in parallel lines or in diamond forma- 
tion, and were indicated on the German maps 
handed over after capitulation. Apart from a few 
errors, apparently accidental, and a few "dummy 


mine fields," which were areas reported as mined 
although actually clear, these maps have been 
of great service for nonmilitary mine-disposal 
purposes. Unfortunately, information was com- 
pletely lacking on the “protection” mines laid 
by the Germans during the battles in Normandy 
and Alsace, and on booby-traps in the houses in 
the coastal areas, in Lorraine and Alsace, and 
in certain mine fields set up for local operations 
bordering on the Atlantic. 

In these cases, it was necessary to use devices 
capable of destroying or detecting the mines. 
'The first solution is the most satisfactory; it is 
quicker, and it eliminates accidents during re- 
moval and depriming, which even efficient 


Holzmine, contained in a wooden box about a footlong, 
was used against tanks and vehicles. 


Topfmine contains practically no metal. The case is of 
asphalt and the igniter is of a chemical nature. This was 
for antitank and antivehicle use. 
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S mine for antipersonnel service. Only 4 inches in 
diameter, the bomb, when activated by a pressure of about 
15 pounds, jumps up 6 feet and scatters metal balls or 
fragments lethally over a radius of about 150 feet. Some 
models have but one centrally located fuse. 


detection cannot obviate. Particularly effective is 
the use of an arrangement of chains that strike 
the ground vigorously in front of a tank and 
cause mines to explode. Unfortunately, this 
device is put out of action fairly rapidly. In 
sandy places, a high-pressure water jet gives 
better results. A roller can also be used. How- 
ever, no general solution has yet been found for 
this problem. 


2. Mine Detection 
2.1 GENERAL PRINCIPLES 


Any buried mine is essentially a foreign body 
in the ground. The mine can be detected as an 
obstacle by driving a sufficiently long probe 
into the earth. This work is slow and tiring, for 
the ground must be examined inch by inch in 
suspicious places. It is effective only in loose 
ground. Accidents have been reported in which 
the probe strikes the pressure fuse or pin of the 
mine. 


This extremely primitive method is sometimes 
the only one practicable. It would be more 
scientific, however, to make use of the irregulari- 
ties caused by the mine in such characteristics 
as soil density, electrical resistivity, dielectric 
constant, acoustical resistivity, susceptibility, 
magnetic permeability, gravitational pull, the 
earth’s magnetic field, and absorption or reflec- 
tion of Hertzian waves. 

Up to the present, only radio methods, based 
on reflection or absorption of radiated waves, and 
electromagnetic methods, operating on variation 
of self or mutual inductance in nearby electrical 
circuits, have been utilized. | 

The first method is absolutely general, but its 
operation raises so many difficulties that all 
detectors manufactured in large quantities use 
the second method, which is applicable to 
electrical conductors and magnetic objects. 


Schiimine, shown with cover open, was primarily designed 
for personnel foot shattering. This mine was loaded with 
200 grams of explosive. 
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2.2 RADIO METHODS 
2.2.1 Principles 


If an antenna that is directly coupled to an 
oscillator is placed close to the ground, the radi- 
ation resistance of the antenna will depend on 
the dielectric properties of the ground. The be- 
havior of the oscillator will be influenced by 
these load variations. For example, if the surface 
of the ground is conducting and reflects the 
radio waves, the output power increases; if it is 
absorbing, it decreases. Of course, the distance 
between the antenna and ground is very im- 
portant, and for mine detection must be kept 
constant. 


2.2.2 American Detector AN/PRS 


The circuit of the AN/PRS detector, de- 
veloped in the U.S.A., is shown in Fig. 1 and is 
based on the above principle. An acorn tube is 
used as an oscillator with a line resonating at 
about 300 megacycles per second (1 meter). It is 
coupled to a radiating dipole and reflector. The 
oscillator grid current is measured by a micro- 
ammeter. The direct component of grid voltage 
biases a low-frequency amplifier having a 1000- 
cycle input from a resistance-capacitance oscil- 
lator. The transmitter grid current decreases 
and the note in the head- 
phones becomes more 
intense as the absorp- 
tion of the transmitted 
wave increases. 

These waves pene- 
trate but an inch or 
two into the ground, 
and the instrument is 
sensitive only to bodies 
at least 6 inches in 
length. Ploughed earth, 
layers of leaves, dead 
twigs,’ pebbles, grass, 
and humidity affect it. 
Consequently, the han- 
dling of this apparatus 
is very delicate and only 
an experienced operator 
would appear to be able 
to use it successfully. 


DIPOLE 


REFLECTOR 


300- 
MEGACYCLE 
OSCILLATOR 


Mustard Pot mine for antipersonnel use. 


Mechanically, the transmitter, antenna, and 
reflector are at the end of an adjustable handle on 
which the microammeter is mounted. A box 
containing the power supply and audio-frequency 
equipment is carried on the back of the opera- 
tor. The whole assembly is somewhat fragile and 
cumbersome. 


FREQUENCY 
AMPLIFIER 


1000- CYCLE OSCILLATOR 


Fig. 1—Schematic arrangement of the AN/PRS mine detector. The 955 oscillates 
at about 300 megacycles, its performance being influenced by the character of the 
load into which the antenna operates. A foreign body in the ground under the antenna 
changes the oscillating conditions and affects the bias on the low-frequency amplifier 


so as to increase the output of the 1000-cycle wave derived from the 1N5 oscillator. 
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2.3 ELECTROMAGNETIC METHODS 
` 2.3.1 Theory 


Electromagnetic methods apply only to mines 


having metallic parts. If a magnetic object is . 


brought close to a coil, the self-inductance of the 
coil increases. If the object is electrically con- 
ductive, the self-inductance decreases. In both 
cases, if the object is small and if its distance 
from the coil is large compared with the radius 
of the coil, the variation of self-inductance is 
inversely proportional to the sixth power of the 
distance between the coil and the object. 

It may also be noted that if two coils are used, 
and if the object is brought close to the assembly 
of coils, the mutual inductance between the two 
coils also varies. If one coil is supplied with 
alternating current, the voltage detected at the 
terminals of the second coil varies with the 
nearness of the object. The variation is directly 
proportional to the frequency of the current if 
the object is only magnetic, and proportional to 
the square of the frequency if it is only a con- 
ductor. In the latter case; the voltage induced by 
the approaching object is not in phase with that 
obtained in the absence of the object. The phase 
angle depends on the electrical resistance offered 
by the object to the currents developed, the 
resistance of the receiving coil, and the self- 
inductance of these two elements. 

An object at a certain distance from the coil 
system can have such magnetic and conducting 
properties at a single frequency as to produce no 
noticeable effect. At a higher frequency, the 
object will behave like a conductor and, at a 
lower frequency, as a magnetic substance. 

The two coils may be adjusted to have zero 
mutual inductance when far from any metallic 
object, and to generate an alternating electro- 
motive force in the receiving coil when such 
an object is approached. 


2.3.2 Variation of Self-Inductance 


If a single coil forms the inductance of a reson- 
ant circuit maintained in oscillation by a tube, 
the self-inductance variations will cause cor- 
responding changes in the frequency of oscilla- 
tion. If this frequency is fairly high, and if 
beats are detected between this oscillator and a 
second oscillator of a fixed frequency fairly close 


to the first. one, the resultant beat note changes 
appreciably in pitch when approaching a metallic 
object. 

This arrangement was used in the S.F.R.441, a 
French apparatus that is now obsolete. At the 
time it was designed, it detected satisfactorily 
the large metal mines then exclusively used. 


2.3.3 Variation of Mutual Inductance 
2.3.3.1 Feedback Apparatus 


The simplest type of feedback or "singing" 
equipment consists of an oscillator in which the 
coupling is slightly below the value necessary 
for sustained oscillations. If, at the frequency to 
which the circuit is tuned, the object to be de- 
tected has very low resistance and is strongly 
magnetic, there will be self-oscillation over a 
range where the variation in mutual inductance 
is positive and maximum; the variation in self- 
inductance is always positive in this case. If the 
object is only conductive, oscillation will occur 
over another range of inductance. If the object 
is a poor conductor, there is a decrease in the 
spacial region over which oscillation occurs and, 
generally, a decrease in sensitivity. | | 

In addition, oscillation frequencies differ for 
a magnetic object and a conductor; the fre- 
quency of oscillation for a magnetic body being 
lower than that for a conductor. In practice, the 
performance of the detector is influenced also by 
the shape of the object. О 

A magnetic object may act normally at а 
certain distance from the detector and behave 


A glass antipersonnel mine, with cover removed. It was 
generally provided with a steel plate on which a lever-type 
fuse is mounted. : 
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like a conductor.at another distance, depending 
on the manner in which the lines of force are 


intersected. 
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that could be made are the absence of a device to 
check the operation independent of the adjust- 
ment knob, and difficulty in the preliminary ad- 


Fig. 2—Circuit arrangement of the German Wien 41 detector. Proximity to a mine sets the first high-frequency 
oscillator in operation. The two pentode amplifying stages and detector produce à biasing voltage which initiates 


oscillations in the final audio-frequency circuit. 


Finally, the oscillating system is seldom simple. 
It is frequently an amplifier with several selective 
stages and employs a feedback circuit. The main 
difficulty with apparatus using feedback is the 
risk of getting further away from the condition 
of sustained oscillation without its being noticed, 
and thus causing a decrease in sensitivity. This 
may result from a variation in supply voltage 
which affects the amplification ard internal re- 
sistance of the tubes. It is necessary, therefore, 
to provide very stable supply voltages. 


2.3.3.2 British Detector No. 4 


The British No. 4 detector consists оѓ ап 
audio-frequency amplifying system, carried on 
the back of the operator, a feedback adjustment 
unit on the shoulder, a search plate containing the 
coupling device at the end of a telescopic handle, 
and headphones. The design is good from the 
point of view of sturdiness, waterproofing (which 
is complete even to the headphones), stability, 
and size of the search plate. The only criticisms 


justment of the search plate. Its sensitivity is 
satisfactory, as the fuse of the Schiimine may be 
detected. 


2.3.3.3 German Detector Wien 41 | 


The general appearance of the Wien 41 
detector is similar to that of the British No. 4 
type, but the search system is at the end of a tube, 
a molded cylinder which can be moved with its 
axis parallel to the ground. The circuit is shown 
in Fig. 2. A high-frequency oscillator is adjusted 
slightly below the oscillating point. It is followed 
by a two-stage pentode amplifier and a rectifier. 
The direct voltage thus obtained when the 
oscillator is working is used to operate a second 
oscillator tuned to an audio frequency and also 
maintained normally below the singing point. 
It is, therefore, a double-threshold instrument. 
Power is obtained from a self-rectifying vibrator 
and a small storage battery. The shape of the 
instrument is convenient, but its sensitivity is 
slightly lower than that of the British design. 


16 ELECTRICAL COMMUNICATION 


ponuu—-————————————————————————————————————————— ———— — — 


2.3.3.4 Balanced-Type Instruments 


In the balanced-type instrument, an audio- 
frequency oscillator is in constant operation. In 
the search cylinder, the plate inductor of the 
oscillator is oriented to have minimum coupling 
to a tuned receiving circuit connected to the 
input of an audio-frequency amplifier. The 
presénce of a mine will distort the field from the 
oscillator coil and produce a signal in the re- 
ceiving circuit. The output of the amplifier may 
be connected to a headphone or a meter. The 
variation in self-inductance and the frequency 
shift of the oscillator caused by the proximity of 
the mine can usually be neglected. Electrical 
balancing elements are normally required to 
compensate for the capacitive unbalances and 
undesirable couplings caused by the physical 
arrangement of the components and wiring. 


2.3.3.5 German Detector Frankfurt 42 


A symmetrical oscillator using two triodes 
provides the operating signal in the Frankfurt 
42 mine detector. The circuit is given in Fig. 3. 


Two selective pentode audio-frequency amplify- 
ing stages and headphones produce a usable 
signal from the unbalance voltage picked up by 
the receiving coil. Balance is ensured both by 
an adjustment of the search element and by the 
injection, at the first amplifying tube, of a suit- 
able voltage from the differential capacitors C1 
and C2. The power supply is obtained from a 
storage battery and a vibrator. 

The mechanical arrangement resembles that 
of the Wien 41; the electrical apparatus is 
carried in a pack on the back of the operator. The 
search cylinder is at the end of an adjustable 
tubular handle. The sensitivity of this instru- 
ment is greater than that of the Wien 41. 


2.3.3.6 French Detector S.F.R.451 or DM-2 


The arrangement of the Wien 41 detector was 
adapted to a French design known as the S.F.R.- 
451 or DM-2. An illustration of the instrument 
in operation is given. 

The S.F.R.451 or DM-2 consists of a search 
element of tubular shape, carrying two knobs for 
adjusting to a minimum the voltage induced by 


Fig. 3—Circuit arrangement of the Frankfurt 
42 mine detector. The symmetrical triode oscillator 
produces an audio-frequency field about the out- 
put inductor. The receiving coil is at minimum 
coupling and any unbalance currents are com- 
pensated through the differential capacitors C1 
and C2. The presence of a mine increases the 
coupling between the coils and the signal is 
amplified and reproduced in the headphones. 
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Fig. 4—Circuit arrangement of the American detector 
SCR-625. The 166 produces 1000-cycle oscillations which 
pass through a step-down transformer to the search coils. 
Compensating voltage for balance is controlled in ampli- 
tude and phase by the three adjustment transformers. A 
two-stage tuned amplifier operates a loudspeaker and 
rectifier-meter. The extra coil in the search system is for 
testing and produces a known deflection of the output 
meter when its switch is closed. 


the oscillator in the receiving coil. This search 
element may be connected to an adjustable 
handle that is also collapsible for ease in trans- 
port. The tubes, circuits, and dry batteries are 
housed in a box, which may be carried оп the 
back of the operator in a manner similar to . 
Alpine knapsacks. 

The sensitivity control may be fastened either 
to the strap of the box or to the operator's belt. 
With correct adjustment of the instrument, a 
harmonic of the oscillator current is heard in the 
headphones. This tone is different from that 
caused by the proximity of a mine; consequently, 
it allows the operation of the equipment to be 
monitored continuously. 


French detector type S.F.R.451 or DM-2 adapted from 
the German Frankfurt 42, which it closely resembles in 
appearance. This device may be used with the operator 
in a prone position by adjusting the handle to be horizontal, 
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2.3.3.7 American Detector SCR-625 


A 1000-cycle oscillator, consisting of a 1G6 
double triode, energizes the transmitting coil 
through a step-down transformer, as may be seen 
in Fig. 4. This inductor is in two sections and is 
coupled to a single coaxial receiving coil. The 
compensating voltage is injected in series with 
the receiving coil through three small differential 
transformers with adjustable cores. A main 
iron-core transformer is designed for preliminary 
adjustment at the factory. Two fine-adjustment 
transformers, one having an iron and the other a 
brass core, allow an accurate balance to be made 
by injecting a voltage which may be controlled 
both in amplitude and in phase, respectively. 

The receiving coil is coupled through a high- 
ratio step-up transformer to a pentode with a 
tuned plate circuit followed by a second pentode, 
the output transformer of which is also tuned. 
The amplified signal operates a loudspeaker and 
a rectifier-voltmeter. The amplifier gain is ad- 
justed by a potentiometer controlling the bias of 
the two pentodes. à 

The short-circuiting of a turn in the search 
plate unbalances the system, the amplifier gain 
being adjusted so that this condition corresponds 
to a calibrated deflection of the visual indicator. 

The power supply is obtained from dry bat- 
teries. The filament of the oscillator tube is sup- 
plied from a separate battery to avoid coupling 
tothe amplifier. When the battery voltage varies, 
the frequency of the oscillator also shifts, and it 
is necessary to change the adjustment of the 
compensators, the operation of which is correct 
only for a single frequency. 

A sheet-iron box, carried in a pack slung across 
the shoulder, contains the oscillator, amplifier, 
gain-control potentiometer, and batteries. The 
loudspeaker is fastened by a strap to a belt 
over the shoulder of the operator. 

'The search coil assembly, terminated by the 
search plate, consists of a control unit containing 
the balancing transformers, control switch for 
the test loop in the search plate, main switch, 
and visual indicator. 

The search plate is constructed of light wood 
covered with waterproof cloth. Maximum sen- 
sitivity is obtained when the object is on the 
plate's axis. The graphical representation of the 


induced voltage is somewhat similar to a highly 
damped resonance curve, sensitivity decreasing 
rapidly with distance. 

The rectifier-voltmeter indications are non- 
linear. For one unit of input, a meter deflection 
of approximately 60 percent of full scale occurs. 
Full-scale indication, however, requires 10 re- 
lative units of input. This provides relatively 
greater sensitivity at low signal levels. At the 
same time, the total deflection is arranged to 
correspond to the maximum voltage obtained 
from the amplifier in normal operation, thus 
eliminating any overload of the instrument. The 
main figures on the scale and the tip of the 
pointer are covered with a phosphorescent 
paint so as to be visible at night. 

The loudspeaker diaphragm and cavity have 
resonant frequencies that produce an acoustical 
response curve having the same appearance as 
that of a band filter. The unit provides high 
aitenuation of the second harmonic and gives 
almost constant output over the pass band. This 
is an appreciable advantage from the manu- 
facturing standpoint. 

The SCR-625 detector is extremely sensitive 
and very reliable in use. The instrument has been 
manufactured in very large quantities in the 


Mine detector DM-3 in operation over difficult terrain. 
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United States, and was used by the American 
army in almost all of its operations. 


3. Le Matériel Téléphonique 
3.1 SCR-625-FR 


The instrument just described has also been 
manufactured for the French government as the 
SCR-625-FR, shown in an accompanying il. 
lustration. The Boulogne works of Le Matériel 
Téléphonique produced these equipments at the 
rate of 2000 per month. Special studies were 
made to adapt the original design to the French 
raw-material supply conditions. 


3.2 DM-3 AND DM-4 INSTRUMENTS 


Despite its high sensitivity, and partly be- 
cause of it, the SCR-625 has, in some cases, the 
disadvantage called “ground effect." When the 
distance between the search plate and the ground 
is varied, the flux may change, producing an 
effect similar to that when a metal object is 
present. Therefore, the plate must be held about 
8 inches above the grourid to minimize accidental 
variations in relative position. The magnitude 
of this effect depends on the nature of the ground. 
Road surfaces containing iron slag from blast 
furnaces are magnetic and cause a positive 
variation in mutual inductance; others may 
contain iron and manganese salts and are para- 
magnetic, giving an effect similar to that of 
magnetic soils, but much weaker for an equal 
concentration. Finally, others are conducting 
and give an opposite but, in general, a still- 
weaker effect. | 

The ground effect, except in the case of 
definitely magnetic surfaces which are fairly 
rare, is important only because of the large 
quantity of matter covered by the lines of force 
from the transmitting and receiving systems. 
One solution would involve a special design of 
coils to produce fields of such shape that the 
volume of active soil would be small. The ideal 
solution would be an alternating magnetic field 
in the shape of a “hair pin," reaching deep into 
the ground with high intensity and forming a 
narrow tube of force. Such an arrangement would 
involve very complex transmitting devices. 

A simple solution has been found by engineers 
of Le Matériel Téléphonique. It is based on the 
assumption that the soil is homogeneous and the 


SCR-625-FR type equipments were manufactured in 
France by Le Matériel Téléphonique in substantial 
quantities. Based on the American design, they were 
modified to meet the local raw-materials conditions. The 
DM-3 and DM-4 instruments, having octagonal and 
elliptical search plates, respectively, are also shown. 


magnetic density and resistivity are constant and 
diffused over large volumes, while those of the 
mines are not diffused. 

Fig. 5 shows the principle of the search plate. 
The transmitting coil Е has an axis of symmetry 
Y, while the receiving system consists of two 
identical coils Rif and R2, symmetrical with 
respect to the same axis. 

If the system is kept parallel to the surface of 
a homogeneous volume of any nature, the effects 
in the two receiving coils cancel each other. If, 
however, a magnetic or conducting object is 
moved at a constant height from left to right in 
front of the system, it acts, first, more on the 
mutual inductance of E with respect to R1 than 
on that of E with R2, and the resultant voltage 
goes through a maximum. 

When the object passes the Y axis, the two 
voltages cancel exactly and, beyond that point, 
the previous effect is reproduced with greater 
effect on R2. The voltage minimum is in. the 
form of a cusp and is very sharp. It locates 
exactly the position of the object. On the other 
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hand, a lateral displacement across the X axis 
yields the usual response curve. 


In the first tests, the handle was oriented 


along the Y axis. The result, in the usual sweep 
motion, was two maxima separated by a mini- 
mum for each metal object and an accurate 
localization was fairly delicate. This pattern of 
sounds confused the mine-disposal operators who 
were accustomed to working with only a mini- 
mum. 
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Fig. 5—Search plate of DM-3 and DM-4 units. Тһе 


fields from E develop in R1 and R2 equal and opposite 
voltages which balance in the absence of a foreign body. 
The response to moving a magnetic or conductive object 
near the coils is plotted for two directions of motion in 
the small adjacent graphs. 


Placing the handle along the X axis avoids 
these drawbacks; detection first gives a single 
maximum in the sweep motion, then the operator 
hunts for the point of extinction by swinging 
back and forth. 

Besides eliminating the ground effect, this 
search system permits working in the vinicity of 
telephone lines and power lines in cables, because 
nearly uniform extraneous magnetic fields pro- 
duce equal and opposite induction effects. For 
the same reason, two instruments may be 
operated close to each other. The increased ac- 
curacy in mine localization permits separate 
detection of mines close to each other, even 
those of widely different types. 

An instrument based on the same principles 
has been designed for mine detection along rail- 
roads and in the vicinity of other large metallic 
masses. If the SCR-625 detector and a compen- 
sated-plate detector have the same sensitivity 


for a large object at a certain distance, the 
compensated-plate detector is more sensitive to a 
small object at a shorter distance. This gives 
better results in hunting for small antipersonnel 
mines. - 

The DM-3 instrument is based on the above 
principle and comprises a small octagonal rotat- 
ing search plate, especially designed for irregular 
surfaces, such as gutters and bushes. Its small 
size results in an appreciable reduction in possible 
sensitivity. 

The DM-4 instrument differs from the DM-3 
only in that the plate dimensions are larger and 
the plate is elliptical. Its sensitivity is equal to 
that of the SCR-625 instrument for detecting 
the fuse of the Schzimine, and is slightly less for 
large mines. It can be used on the ground sur- 
face and its effective sensitivity is definitely 
greater than that of the SCR-625, especially for 
small mines. 

These two types have been manufactured on a 
production basis at the Boulogne works of Le 
Matériel Téléphonique and, together with the 
SCR-625 equipment, the number made has 
reached 16,000. This constitutes the majority of 
the mine detectors used in France. They some- 
times have unexpected applications, and have 
been employed for the detection of metal splint- 
ers in tree trunks to avoid damaging the sawmill 
and for the location of underground cables, 
documents, or buried valuables. 


4. Conclusion 


In a country devastated by enemy occupation 
and war, the rapid manufacure of mine detectors, 
undertaken. only a few months after the libera- 
tion of Paris, seemed an impossible task. It was 
accomplished, nevertheless, despite endless 
supply difficulties. In particular, thanks to the 
United States Army, most of the apparatus was 
equipped with tubes and batteries taken from 
allied stocks. By way of appreciation for its 
contributions to the war effort, Le Matériel 
Téléphonique received the coveted “А” award 
of the U.S. Army. 

At the present time, the removal of mines is 
completed, and all the mined areas, including 
agricultural lands, beaches, forests, etc., have 
been restored to public use with a minimum 
loss of human lives. 


Speech-Input Equipment for New Oslo Broadcasting House 


By E. JULSRUD 


' Norwegian Telegraph Administration, Oslo, Norway 


and G. WEIDER 
Standard Telefon og Kabelfabrik A/S, Oslo, Norway 


RECTION of the Norwegian Broadcast- 
ing House in Oslo was started before the 
recent war, and the building itself, with- 

out interior equipment, was half finished when 
the country was occupied. The speech-input 
equipment, comprising the switching system, 
control desks, microphone and main amplifiers, 
etc., was not installed until nearly two years 
after liberation. The recording and reproducing 
apparatus.is partly new and partly older equip- 
ment. 


1. General 


Most of the studios, of which there are twenty 
in all, are located on the ground floor of the 
Norwegian Broadcasting House, as may be seen 
in Fig. 1. They are arranged in a separate block 
consisting of four main groups. 


А. The great concert studio (2), with an announcing 
studio (1). 

B. 4 music studios (8, 9, 10, 11) and 1 speech studio (7). 
C. 4 speech studios (3, 4, 5, 6) for lectures and interviews. 
D. 4 entertainment and dramatic studios (12, 13, 14, 15). 


Elsewhere in the building, there are 5 additional 
studios for news and rehearsals. 

As will be seen, the studios of groups А, B, and 
D are visible from control rooms. There are four 
4-channel (SK) desks and two 8-channel (RK) 
desks. There are also four control rooms having 
no visual access to studios; two of these are main 
control rooms, one is a recording control room, 
and the other is a special control desk located in 
the amplifier room. All music and dramatic 
studios are normally operated from the neighbor- 
ing SK and ЁК rooms, whereas programs from 
the speech studios may be controlled from either 
an SK or an RK room, or directly from a main 
control room. 

Additional program sources are the 10 re- 
producer rooms, of which three contain recording 
apparatus. Other technical rooms for the program 
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chain include seven recording rooms, one ampli- 
fier room, one relay switching room, one studio 
private automatic branch exchange and rectifier 
room, and one battery room. 

The dominant feature of this equipment is 
that completely automatic switching has been 
introduced, both for the selection of program 
sources to the control-desk input channels, and 
for the output of the desks to the various trans- 
mitters and recorders. Automatic switching is 
employed not only for program lines but also for 
all of the signaling equipment, which at this 
installation is rather comprehensive. It would 
have been too complicated and inconvenient to 
use manual switching and, undoubtedly, fewer 
errors occur in automatic operation. The auto- 
matic system includes relays and finders similar 
to those that have amply proven their reliability 
of operation in automatic telephone exchanges. 


2. Speech-Input Equipment 


Fig. 2 shows a block diagram of the program 
chain and a corresponding level diagram. Zero 
level in decibels on the outgoing line corresponds 
to 1 milliwatt in 600 ohms, i.e., 0.775 volt, which 
was established as the reference level for audio- 
frequency measurements at an international con- 
ference just before the war. A maximum level of 
+6 decibels (1.55 volts) is permitted. The output 
from the program source is amplified in a micro- 
phone amplifier to a level at which switching and 
adjustment may be made with a minimum risk of 
disturbance. After the mixer, a main amplifier 
raises the level to the maximum permissible 
output and the outgoing program is distributed 
from a program bus. Each outgoing line in- 
corporates a line or isolation amplifier, which 
provides no gain. and serves only to prevent 
disturbances from reaching other lines connected 
to the same program bus. The inputs of loud- 
speaker and volume-indicator amplifiers are 
also connected to the program bus. 
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The total maximum gain is about 110 decibels. 
Usually, the microphone amplifier has a gain of 
35 to 50 decibels, depending on the type of pro- 
gram and the microphone used. The output 
level of the microphone amplifier is always ad- 
justed to about —24 decibels, this being the 
input level to the control desk. The insertion loss 
of the mixer is 10 to 13 decibels, plus an addi- 
tional attenuation of about 10 decibels to allow 
for raising low levels of musical programs, 
and to allow for unusually high attenuation in 
program lines. The gain of the main amplifier is 
adjusted to 50 decibels. Incorporated in the 
main amplifier is a limiting device, which oper- 


Fig. 1—Plan of the studio wing of Oslo Broad- 
casting House. The studios are numbered 1 to 15. 
RK designates an 8-channel and SK a 4-channel 
control room. Studios 3, 4, 5, and 6 are for speech 
programs only and may be controlled from either 
the RK, SK, or main control rooms. Five addi- 
tional studios are located elsewhere in the building. 


ates to prevent volume peaks from ex- 
-ceeding the 1.55-volt maximum level. 


3. Automatic Switching System 


Fig. 3 shows a block diagram of the 
switching system for the program chan- 
nels, including a studio control desk and 
a main control desk, the first having 4 
‘input-channel faders and 1 master fader, 
and the second with 8 and 2, respectively. 
By means of a single key, the 8-channel 
mixer тау be used as two 4-channel 
mixers with separate master faders. Both 
types of control desks have provisions 
for selecting a certain number of a total 
of 93 program sources, such as micro- 
phones, reproducing apparatus, and- incoming 
program lines. The main-control-room desks 
may, in addition, select the output channels of 
the various studio desks as program sources. 

‚ Seven of the 12 outgoing lines or program buses 
connect to recording apparatus, and any one of 
these may be switched to the output channel of 
a control desk. 


3.1 CoNTROL SIGNALING 


3.1.1 Lamp Signals 


Both white and red lamps are mounted inside 
and outside of the studios, and also on lamp 
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panels at various locations in the building. The 
white lamps are lighted automatically when the 
studio has been connected to a control desk, and 
are replaced by red signals when the control- 
desk fader is opened. Also, a red lamp at the 
microphone in use (there may be 2 to 6 micro- 
phones per studio) will light up. 


3.1.2 Acoustic Signals 


When a studio has been connected to a desk, 
any program then passing through the selecting 
control desk will be reproduced by a loudspeaker 
in the studio, enabling the persons present to 
follow the program. The loudspeaker is auto- 
matically disconnected when the red light 
appears. The actors may then listen to the pro- 
gram with headphones, which may be neces- 
sary, for instance, when two or more studios take 
part in the program. Practice has shown that the 
red light is not sufficient for attracting the at- 
tention of the actors, and a warning note is 
therefore given through the loudspeaker by 


EQUIPMENT FOR EACH STUDIO CONTROL DESK OR MAIN-CONTROL-ROOM INPUT CHANNEL 


pressing a push-button on the control desk before 
the fader is advanced and the red light appears. 
In the music studios, the loudspeaker may also 
be connected to an oscillator giving the concert 
pitch for tuning the instruments. 


3.1.3 Talk-Back System 


The studio loudspeaker may also be auto- 
matically connected to a talk-back microphone 
on the control desk without disconnecting the 
studio microphones, thereby establishing a 
duplex connection between studio and control 
room. This system is especially of value when 
rehearsing radio plays. 


3.1.4 Studio Signal 


Each studio contains an announcer’s set for 
communication with the control operator. On 
pushing a button on this set, a green lamp at the 
control-desk input channel to which the micro- 
phone is connected will light until the position 
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of the input fader has been changed from closed 
to open, or vice-versa. This signal is used by the 
announcer when requesting a microphone and 
after finishing an announcement. 


3.1.5 Telephone 


The announcer's set includes a telephone 
which, when a studio is not selected, is connected 
to a private automatic branch exchange serving 
all studios and technical rooms. When selecting a 
studio, the telephone is automatically switched 
to the control room in question for direct com- 


“munication between announcer and operator. 


3.2 SWITCHING EQUIPMENT 


Automatic switching is accomplished by a 
relay crossbar system. Fig. 4 is a detailed sche- 
matic of the connections of the program sources 
and signaling lines between studios, studio con- 
trol desks, and main control rooms; this corre- 
sponds to any one of the crossing points in the 
switching of program sources illustrated in Fig. 
3. For each microphone and each input channel, 
one low-capacitance relay (program relay) con- 
nects the program line, and over the contacts of 
two other relays (signaling relays) the signaling 
lines are connected. In addition, there are one or 
two relays for each studio and control room con- 
necting the loudspeaker lines. The operation of 
these relays is controlled through 9-by-100-point 
finders from a control circuit, which receives im- 
pulses from a keyboard on the control desk. 
Similar circuits with minor deviations exist for 
connecting reproducers, outside program sources, 
and outputs of control desks to input channels. 
The automatic switching system for the selection 
of recorders and outgoing lines is also built up 
in the same manner. 

It should be noted that neither the program 
nor the signaling currents pass through the 
finder contacts, but rather through the contacts 
of the relays at the crossing point. 

For the selection of program sources, four 
digits are sent. The first indicates the number of 
the input channel to which the program source is 
to be connected, the two following give the 
number of the studio, and the last one is the 
number of the microphone in the studio. The 
outgoing-program lines and recorders are se- 
lected similarly with the exception that only 3 


digits are sent, the first being the number 9, in- 
dicating the output channel, and the two follow- 
ing corresponding to the number of the program 
bus. For each input and output channel of the 
control desk, there is an indicator which, when a 
connection has been established, shows the 
number of the program source or the bus 
selected. 

Theoretically, there are more than 5000 pos- 
sible connections between the program and 
signaling lines. Only about 1200 are equipped, 
but facilities are available for extension to about 
2200. The layout of the relày system, including 
program and signaling relays, is such that the 
relay bays actually provide space for all of the: 
5000 possible connections. Cabling, however, is 
provided only for the connections that are ex- 
pected to be used, 2200 in all. This arrangement 
provides great flexibility. Changes and extensions 


Fig. 5—Relay room. . 
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may easily be made by mounting the necessary 
relays at the corresponding crossing points with- 
out disturbing the operation of the equipment 
already in use. The program and signaling relays 
are mounted on separate bays. There are 22 
program-relay bays and 36 signaling-relay bays, 
including the output-switching system. 


E 


Fig. 6—Front view of program relays as mounted. Relays are omitted for 
positions not considered necessary for normal operation. They may be in- 


stalled at any future time if they are needed. 


Fig. 7—Rear view of program-relay panel. The vertical wires are con- 
nected to program sources and the horizontal wires go to the various input 
desks. To avoid cross talk and noise, the wires are shielded and covered 
with an insulating braid. А : | 


Fig. 5 is a view of the relay room. The rows in 
the foreground contain the program relays; 
those in the background the signaling relays. 
In this part of the room are also located 9 bays 
for such miscellaneous circuits as lamp signals, 
acoustic signals, telephone systems, amplifier- 
switching circuits, and alarm circuits, in addition 

to a control unit, a routine test 

circuit, and 3 finder bays. 

Emergency patching of the 
' connections is possible in case 

of breakdown of the automatic 
system. Only the most impor- 
tant signaling connections may 
be established in this way, how- 
ever, to avoid complexity of 
operation under emergency 
conditions. 

With such an extensive auto- 
matic system, it has been neces- 
sary to protect program lines 
from clicks and other disturb- 
ances caused by the rapid charge 
and discharge currents that may 
occur when two program lines 
having different induced poten- 
tials are connected together. 
Each section of wire between 
amplifiers is grounded through 
10,000-ohm resistors as shown 
in Fig. 4. A 0.1-microfarad 
capacitor in series with 50 ohms 
is connected across signaling- 
relay contacts to quench any 
sparking. All relays are equipped 
with bifurcated contacts to re- 
duce failures from bad contacts. 

The requirements as to noise 
are very stringent. The noise 
level at the input of the micro- 
phone amplifier must not exceed 
0.25 microvolt when referred to 
a source impedance of 50 ohms. 
This corresponds to an absolute 
noise level of 130 decibels below 
zero level (1 milliwatt in 600 
ohms). The cross-talk voltage 
induced in one program channel 

from another must not exceed 
the noise level just specified. 
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Measurements prove that these requirements 
have been met. | 

Some notes оп the steps that have been taken 
for obtaining high-quality transmission may be 
of interest: All program wires are screened, either 
with lead sleeve or copper screen. The screen is 
covered with a braiding of insulation to prevent 
it from touching any metallic parts such as 
cable racks, bays, etc. All screens are connected 
to a ground terminal in the amplifier room and 
from there to a separate ground plate. Care is 
taken that no induction loops are formed in the 
screening. 

As previously mentioned, the program relays 
are mounted separately from the signaling re- 
lays. Each program relay is equipped with a 
cross-talk cover. Further, a grounded spring is 
located between each set of relay springs to 
eliminate possible cross talk from other program 
sources. The relays are mounted on plates of 
nonmagnetic material. The program wires are 
connected to the relay springs at the back of 


Fig. 8—8-channel control desk. All program circuits terminate in one pedestal and the signaling circuits terminate 
in the other. Ten faders are mounted at the center and provide for the 8 channels and the two master controls. A 


these plates, whereas the coil connections are 
made on the front and are so connected that the 
outer layer of the winding is at ground potential. 

Figs. 6 and 7 show the front and back of a 
program-relay mounting plate. The vertical 
wires represent the program sources, and the 
horizontal wires are for the desk input channels. 


4. Control Desks 


There are three types of control desks: 4- 
channel desks, 8-channel desks as shown in Fig. 
10, and a special desk located in the amplifier 
room. This special desk includes, in addition to 
the equipment for a 4-channel desk, the necessary 
apparatus for supervising and connecting all 
incoming and outgoing lines. It differs, accord- 
ingly, in many respects from the others. 

As in the automatic switching system, great 
attention has been paid in the desks to the 
elimination of possible interference from the 
signaling lines to the program channels. The 
apparatus for signaling has been separated as 
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jack panel for setting up special connections is located at the right. 
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far as possible from the program equipment. The 
program wires are connected to terminal strips 
in one pedestal of the desk whereas all of the 
signaling cables are terminated in the other 
pedestal. 

It is beyond the scope of this article to describe 
in detail all the apparatus in these desks. It may 
be neted, however, that on one of the panels is a 
main switch, operated when the control desk is 
placed in use, to connect power to the desk and 
amplifiers in the control room and to operate the 
warning lamps indicating that the control room 
has been engaged. The faders are of the sliding 
type, with handles movable toward the operator; 
the maximum attenuation is 55 decibels in steps 
of 1.5 decibels. An 8-channel control desk is 
shown in Fig. 8. 

As previously mentioned, the studio control 
rooms have visible access to one or more studios. 
The second group of control rooms are without 
visible access to the studios and are designed 


Fig. 9—Microphone amplifier, rear view. 


primarily for connection to the output of the 
control rooms of the first-mentioned group, or 
to the speech studios, reproducing reoms, pro- 
gram sources outside of the house, the time 
signals, etc. | 


The control rooms of the first group are, there- . 


fore, used to monitor the various programs in the 
studios facing these control rooms, whereas the 


second group is used for the monitoring of all 
other program items. When the latter are used 
as main control rooms, the program from group 
one is passed through the control desk of group 
two without monitoring, this being done in the 
studio-control room. 


5. Amplifiers 
5.1 AMPLIFIER ROOM 


The microphone and line amplifers are 
mounted on standard-sized racks in the amplifier 
room, whereas the main amplifiers, loudspeaker 
amplifiers, etc., are located in their respective 
control rooms. In the amplifier rooms, there are 
two rows of 19-inch racks each consisting of 16 
racks. These include amplifiers, receivers, oscil- 
lators, jack panels, remote panel for power plant, 
cable terminals, and similar equipment. The 
Broadcasting House is connected over a special 
29-pair cable to a distributing center in the 
Telegraph Building, 
from where the lines to 
the transmitters are 
routed. For connection 
to various outside 
broadcasting points, a 
100-pair cable has been 
laid to the nearest ex- 
change of the Oslo 
Telephone Company. 
Both cables terminate 
in the amplifier room. 


5.2 MICROPHONE AM- 
PLIFIER 


The microphone am- 
plifier, shown in Fig. 
9, has a maximum 
gain of 60 decibels, 
adjustable in steps of 
5 decibels down to 20 
decibels by varying the amount of negative 
feedback. The response-frequency characteristic 
is within 1 decibel from 30 to 12,000 cycles 
per second. A maximum distortion of 0.2 per- 
cent occurs at 1.55 volts across a load resist- 
ance of 50 ohms. The noise level does not 
exceed 0.25 microvolt referred to a 50-ohm 
input. The microphone amplifier is also used 
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Fig. 10—Front panels of the rectifier units for 
energizing the automatic switching system. 


as a main amplifier when limiting characteristics 
are not required. 


5.3 MAIN LIMITING AMPLIFIER 


The electrical characteristics of the main 
amplifiers are the same as for the microphone 
amplifiers. Limiting of output is provided for and 
this action starts at a minimum of 60 decibels 
below 1.55 volts (maximum output level). The 
output level will not increase more than 2 decibels 
for an increase in input level of 15 decibels. 


5.4 LINE AMPLIFIER 


The line amplifier has a maximum voltage 
gain of 8 decibels and is adjustable from —4 to +8 
decibels in steps of 0.5 decibel. Response-fre- 
quency, distortion, and noise characteristics are 
the same as for the microphone amplifiers. 


5.5 RECORDING AMPLIFIER 


The recording amplifier is primarily a power 
amplifier mostly used for operating recording 
systems. It has a maximum output of 10 or 20 
watts, which is produced by an input signal be- 
tween 0.2 and 0.4 volt. Its response-frequency 
characteristic is flat within 1 decibel from 30 to 
12,000 cycles. The noise does not exceed 5 milli- 
volts across а 50-ohm output impedance. Dis- 
tortion is less than 2 percent for rated output. 


5.6 LOUDSPEAKER AMPLIFIER 


The loudspeaker amplifiers are similar in 
characteristics to the recording amplifiers except 
that they provide for a maximum output of 20 
watts. Noise will not exceed 10 millivolts across 
50 ohms. 


5.7 GENERAL 


Push-pull circuits are used for all stages of all 
amplifiers. Negative feedback is employed for 
reducing distortion. Amplifiers are powered 
directly from the 220-volt, 50-cycle mains supply. 

The amplifiers are of a design adopted by the 
Norwegian telegraph administration, who have 
also built the limiting, recording, and loudspeaker 
amplifiers in small quantities. A quantity of 130 
microphone amplifiers has been delivered. 


6. Power Plant 


As all amplifiers are mains-operated through 
self-contained rectifiers, no central power plant 
is required for them. For the automatic switching 
system, direct current at 48 volts is provided by 
two selenium rectifier units, each with a regulated 
output of 35 amperes. Although normally used 
with a floating battery, each rectifier is equipped 
with automatic voltage regulation and can, 
accordingly, be used without the battery. The 
battery is required only in case of a mains-supply 
failure and supplies power only until an emer- 
gency diesel-engine generator is placed in opera- 
tion. Fig. 10 shows the front panels of the 
rectifiers. | 


The speech-input equipment, including the 
switching system, control desks, microphone and 
main amplifiers, etc., was produced by Standard 
Telefon og Kabelfabrik A/S, in Oslo. 


Portable Crystal-Controlled Frequency Standard 


By R. I. B. COOPER 
Department of Geodesy and Geophysics, Cambridge University, Cambridge, England 


UPLICATE crystal-controlled frequency 
standards were studied under laboratory 
conditions and during the recent sub- 

marine gravity survey carried out in Н. M. S. 
Tudor. A frequency accuracy within about 1 
part in 107 was achieved during these trials. 


During August, 1946, a submarine gravity 
survey was carried out in H. M. S. Tudor with the 
object of obtaining information on the gravita- 
tional field over the continental shelf to the south 
and west of the British Isles. The measurements 
were made with a Vening-Meinesz pendulum 
apparatus. Gravity was determined at each 
station by comparing the period of a pendulum 
with that obtained at the base station where the 
value of gravity is known. To minimize per- 
turbations due to the movement of the boat, the 
observations were made while the craft was 
submerged. Under these circumstances, an ac- 
curacy of gravitational measurement of the order 
of 1 part in 109 can be obtained, and it was 
necessary, therefore, to provide a means of 
timing the pendulum with at least this accuracy. 

In the Vening-Meinesz apparatus actually 
employed, three pendulums were used, and their 
motions were recorded photographically by light 


beams reflected from mirrors attached to the 
pendulums near the knife-edges. Timing was done 
by interrupting the light beams at a rate con- 
trolled from the frequency standards. 

'The use of a submarine placed special require- 
ments on the construction of the clocks. The 
first essential was that they should be small 
enough to pass through the 21-inch-diameter 
(53-centimetre) hatches in the boat. For general 
field use, they had to be constructed to with- 
stand normal road and rail transport without 
special precautions. It was inconvenient to 
provide a thermostatically controlled oven for 
the crystal with its attendant bulky control 
equipment, so the crystals had to be capable of 
giving reliable operation over the temperature 
range from 10 to 30 degrees centigrade (50 to 
86 degrees Fahrenheit), with only a simple 
correction for the ambient temperature as 
measured with an ordinary mercury thermometer. 

The application of a precision quartz fre- 
quency standard to geophysical experiments in а. 
submarine is not novel; similar equipment has 
been used by an American expedition.! Such a 


1 Maurice Ewing, "Gravity Measurements on the 
U. S. S. Barracuda," Transactions of the American Geo- 
Physical Union, pp. 66—69; 1937. 


Fig. 1—Quartz-crystal-controlled frequency standard mounted in wooden box with both lids hinged. 
30 
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Fig. 2—Frequency-divider without protective metal covers. The crystal is mounted 
in the box in the lower right-hand corner. 


standard was not, however, available in this 
country. It was known that Standard Tele- 
phones and Cables, Limited, had been making 
an extensive. study during the war of high- 
precision oscillators, and it was, therefore, de- 
cided to approach them with a view to their 
undertaking the development and construction 
of the apparatus. 


1. Construction 


The complete frequency standard is mounted 
in a wooden box 222 by 15 by 123 inches, the 
total weight being approximately 100 pounds. 
The components are mounted on three steel 
panels, disposed on either side of the box, and 
access to their outer faces is obtained by opening 
hinged covers on both sides. On one side of the 
box are mounted the crystal-oscillator panel and 
power pack, and on the other side is the fre- 
quency-divider unit. Fig. 1 shows the box with 
the lid open and the apparatus panels protected 
by their metal covers. Fig. 2 shows the frequency- 


divider panel without its cover. The screened 
box in which the crystal unit is housed may be 
seen in the bottom right-hand corner. 


2. Circuit Design 


The oscillator operates at 100 kilocycles per 
second and is a modification of the feed-back 
bridge type developed by Meacham.? The oscil- 
lator was used in its original form by the pre- 
viously mentioned American expedition. The 
crystal bridge is enclosed in a lagged chamber, 
which eliminates rapid fluctuations of tempera- 
ture. 

The crystal used is a GT cut, which provides 
the lowest temperature coefficient of frequency. 
The electrodes are formed by plating the face of 
the crystal, which is supported by connecting 
wires soldered to the electrodes at a nodal point 


'?L. A. Meacham, “Тһе Bridge-Stabilized Oscillator,” 
Proceedings of the I.R.E., v. 26, pp. 1278-1294; October, 
1938: and Bell System Technical Journal, v. 17, рр. 514- 
591; October, 1938. ; 
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Fig. 3—Quartz crystal mounted in an evacuated bulb. 
' The electrodes are plated on the faces of the piezoid or 
finished blank, and connecting and supporting leads are 
soldered to the electrodes at nodal points. 


as may be seen in Fig. 3. The crystal is mounted 
in an evacuated glass bulb. 

By lapping and aging, the temperature coeffi- 
cient of a GT-cut crystal can be adjusted to a 
very small value, which remains constant over 
a considerable temperature range. This tempera- 
ture range can be adjusted to occur, within 
limits, in a selected part of the temperature 
scale. 

The initial frequency adjustment of the 
crystal is carried out to +5 parts in 105, and the 
frequency of the oscillator can subsequently be 
brought within a continuously adjustable range 
of +1 part іп 10% by modification of the com- 
ponents of the crystal bridge circuit. This con- 
tinuously adjustable range is under the control 
of the user. | 

The principal cause of frequency instability 
in a changing ambient temperature is the 
differential heating set up in the crystal. Hence, 
the crystal bridge is mounted inside a thermally 
lagged chamber, so that the rate of change of 
temperature to which the crystal is exposed is 
considerably reduced. A stability: at a given 
temperature of the order of +2 parts in 108 was 
measured in the laboratory. 

The oscillator is stabilised against variations 
in supply voltages, and the output voltage is im- 
pressed on the frequency-divider unit. This unit 
provides high-impedance outputs at 10 and 1 


kilocycles. The 100-kilocycle output itself is also 
available. These outputs are stabilised in voltage 
by a thermistor and a resistor connected across 
the output terminals. A thermistor is an ele- 
ment whose resistance diminishes with an in- 
crease of current; hence, variations in the current 
through it cause much smaller changes in the 
potential across it. А cathode-follower valve 
may be connected to any of these outputs when- 
ever a low output impedance is required. The 
frequency divider operates on the harmonic 
regeneration principle. This is a continuously 
operating circuit that ensures that, short of 
actual failure of any component, the outputs will 
be controlled by the crystal. Each stage is ar- 
ranged to divide by a factor of 10, and division 
by any other integer is very unlikely. 

To increase the flexibility of the apparatus, it 
may be operated from either 200—250-volt 50—60- 
cycle alternating-current, 130- and 12-volt di- 
rect-current, or 12-volt direct-current power 
supplies. * 

In the laboratory and throughout the voyage, 
the sets were run from high- and low-tension 
accumulators continuously charged from dry 
rectifiers. The mains in a submarine are liable 
to occasional temporary failures. 


8. Performance 


Measurements were made, both in the labora- 
tory and in the. submarine throughout the 
voyage, of the instantaneous rates and the mean 
daily rates of the two standards. The instan- 
taneous rate was obtained by comparing the 
200-kilocycle harmonic with the. carrier fre- 
quency of the British Broadcasting Corporation 
transmitter at Droitwich, which operates on 
200 kilocycles. The beats produced between the 
two operated a counter, and the number of 
beats in 50 seconds was registered automatically. 
This figure is, therefore, the deviation from spot 
frequency expressed in parts in ten million. The 
corrections to be applied to the Droitwich fre- 
quency at the time of the observations were sub- 
sequently obtained, within an accuracy better 
than 1 part in 107, from the British Broadcasting 
Corporation from their own daily observations. 
Satisfactory checks of the frequency against 
Droitwich were obtained during the voyage up 
to a range of about 500 miles. 
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The 1-kilocycle output was amplified to a 
suitable power level and drove phonic motors, 
which produced time marks on the photographic 
paper used for recording the pendulums. These 
phonic motors also drove clock mechanisms. 
By comparing the readings of these clocks with 
the time signals transmitted at 1000 and 1800 
hours from Rugby (GBR), it was possible to 
obtain the mean rate of each crystal over a pro- 
tracted interval. The time signals were recorded 
photographically together with the clock indica- 
tions, the reading accuracy being 1/61 of one 
second. This error is equivalent every 24 hours 
to 1.9 parts in 107. Corrections to the time 
signals were subsequently obtained from the 
Royal Observatory and applied to the readings 
where necessary. 

The preliminary laboratory tests revealed 
that tilting, change of valves, and reduction 
in the supply voltage of 30 per cent caused no 
significant change of frequency. There was, how- 
ever, a considerable frequency drift when the 
apparatus was first switched on, and this is 
shown in the curve of Fig. 4. This results from 
the operating temperature of the crystals being 
well above the ambient temperature. 

During the voyage, 


clock 1 was —1.04 parts in 107 per degree 
centigrade. 

It should be pointed out, however, that al- 
though the ambient temperature appears to be a 
reliable guide to the behaviour of the crystals, 
the actual operating temperature of the latter 
was higher because of the heat dissipated inside 
the apparatus. Accordingly, these figures do not 
agree with the original coefficients measured in 
the laboratories. 

The crystal boxes are at present being modi- 
fied to permit insertion of a thermometer. 

The variation in ambient temperature as 
measured above was found to be surprisingly 
small throughout the voyage, amounting to only 
3 degrees centigrade (5.4 degrees Fahrenheit). 
To test whether the crystal frequencies were 
drifting, the results were reduced to a standard 
temperature of 20 degrees centigrade (68 de- 
grees Fahrenheit), and weekly averages taken. 
These averages are shown in Table I, and it will 
be noted that there is no significant systematic 
change with time. 

Less reliance is placed on the time-signal 
observations, and they are merely regarded as 
a useful check that no erratic behaviour was 


over 80 observations 
of the instantaneous 
rates of each crystal 


CLOCK I 


were made and the 
ambient temperature 
at the time noted. 


The ambient tem- 
perature was taken to 
be that of the ther- 


mometer inside the 
pendulum apparatus, 
since it was consid- 
ered that this appa- 
ratus and the fre- 
quency standards 
would have similar 
temperature charac- 
teristics. On plotting 
these results, it was 
found that the tem- 
perature coefficient of 
frequency of standard 
clock 2 was negligi- 
ble, while that of 


FREQUENCY GAIN IN PARTS IN 107 


TIME IN HOURS 


Fig. 4—Frequency drift during warming period immediately following switching on of 
equipment. Room temperature was 21.5 degrees centigrade (71 degrees Fahrenheit). 
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occurring. This is because the clocks were often 
stopped by accidental causes, such as blown 
fuses, and the period over which observations 
could be made was thereby reduced. The mean 
rates obtained over portions of the various weeks 
are, however, given in Table I for comparison. 


The effect was to change the 1-kilocycle output 
slightly in frequency. This may have been due 
to modulation of the oscillator frequency, 
causing the divider to operate on one of the 
modulation products instead of on the oscillator 
frequency itself. It is probable that the gradual 


. TABLE I 


FREQUENCY DEVIATION IN PARTS IN TEN MILLION OF WEEKLY AVERAGES REDUCED TO A 
STANDARD TEMPERATURE OF 20 DEGREES CENTIGRADE (68 DEGREES FAHRENHEIT) 


Clock Number 1 Clock Number 2 
Date Locality 
Mean of Number Rate Period Mean of Number Rate Period 
Instantaneous of Obser- by in Instantaneous of Obser- by in 
Rates vations Rugby Hours Rates vations Rugby Hours 
23 June їо | Cambridge 46.0+0.7 3 —- — 19.7 +0.7 6 — — 
1 July 
27 July to Portland and 45.9 270.3 10 — — 20.6+0.15 11 — — 
2 Aug. Channel Trials 
5-9 Aug. Atlantic Voyage 47.4+0.5 15 46.5 80 20.8+0.2 15 19.0 32 
12-15 Aug. | Voyage to Spain 48.4+0.5 il 49.1* 48 20.5--0.2 it 20.9 48 
18-24 Aug. | Voyage round Eire! 47.8-Е0.5 12 46.6 a 20.7+0.2 12 21.0 E 
ў 32 32 
25-31 Aug. | Oban to Portland | 47.5+0.5 it 46.5 96 20.9+0.3 12 — — 
5 Sept. Cambridge 48 2 — — 20 2 — = 


* Failure of frequency demultiplier. 


The agreement with the mean of the. instan-. 


taneous rates determined from Droitwich is re- 
garded as being satisfactory. 

Throughout the voyage, there were only two 
major breakdowns in the timing system, one of 
which was directly attributable to the clocks 
themselves. This was due to a trimming capaci- 
tor becoming disconneċted during rough weather 
in the Bay of Biscay on the 13th of August. 
The effect was that the output was no longer 
fully controlled by the crystal, and the 1-kilo- 
cycle output was changed in frequency by a few 
cycles. Since this was only a few cycles different 
from the nominal frequency, the clocks did not 
stop and the fault was not immediately apparent. 
This behaviour of the frequency dividers may 
well have been provoked by the development of 
a high internal resistance in the high-tension 
accumulators, which shortly afterwards were 
the cause of a second breakdown. 

The internal resistance of the high-tension 
batteries became so high as a result of corrosion 
that about 10 volts (root-mean-square) of ripple 
from the charging circuit appeared in the supply. 


development of this fault was responsible for 
the high mean rate recorded for clock 7 between 
the 12th and 15th of August. 

It is clear that, despite the variations with 
temperature mentioned above, the sets fall well 
within their original specification, which was for 
an accuracy of 1 part in 2,000,000. They also 
fulfill excellently all the other requirements. 


4. Acknowledgment 


Thanks are due to Messrs. Standard Tele- 
phones and Cables, Limited, for the skill and care 
given to the development of these instruments 
and for providing the technical information on 
which this account of their operation is based.. 

The author is also indebted to the Department 
of Scientific and Industrial Research for a grant 
that made possible his participation in these 
researches. 

Throughout this work, I have had the advice 
and encouragement of Mr. B. C. Browne, who 
was in charge of the arrangements for the 
expedition. 


Remote Control * 


By C. GORDON WHITE 
Standard. Telephones and. Cables, Limited, London, England 


HE rapid extension in the application of 
supervisory remote-control schemes at 
home has been ‘paralleled by its ever 

increasing use in many parts of the world. Its 
main sphere of development, as would be ex- 
pected, has been in the control and supervision 
of electrical networks, not only those serving 
densely populated metropolitan areas, but also 
other schemes, such as electrified railway sys- 
tems and the transmission and distribution sub- 
* stations of large electrical networks. 

With the extending use of remote control has 
grown also a greater demand both for the facili- 
ties to be provided and the degree of flexibility 
to be given, without appreciable increase in cost. 


* Reprinted from British Engineering Export Journal; 
March and April, 1946. 


Fig. 1—Central control board with mimic diagram for a 
direct-wire scheme. This is a typical installation. 
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To meet such needs, it has been necessary to 
employ to the full techniques peculiar to the 
telephone communications field rather than those 
of the switchgear world, and it is not surprising 
to find that the principles of signal transmission 
and automatic switching peculiar to telegraphy 
and telephony, as also the apparatus specially 
developed for these purposes, are being increas- 
ingly used to satisfy present-day control needs. 
It can readily be seen that there is a marked 


similarity in the two operations, namely, the 
selective ringing of a particular subscriber's tele- 
phone bell and the remote operation of a particu- 
lar switchgear unit in an electrical network. 
'The means of carrying out both these operations 
have much in common, more especially when 
similar apparatus is employed, but in the 
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Fig. 2—Rear view with the doors removed of 
the central control board shown in Fig. 1. 


approach to the two problems there are marked 
differences. In both, economic considerations for 
the most part determine the quality of the com- 
plete equipment and the degree of accuracy in 
the final desired result. In telephone switching, 
an occasional lost call or wrong number can, on 
this account, be at least tolerated, but not so 
in the case of the control of switchgear units 
where it is imperative that a wrong operation 
just must not happen, even if the alternative to 
this is that nothing whatever happens. The 
operating conditions normally experienced help 
greatly towards this end, since the variables ob- 
taining in telephone switching, such as line 
resistance, impulsing speed, and rates can be 
closely controlled, but even so, special precau- 
tions are taken in the design of supervisory 
equipment to safeguard signals against possibil- 
ity of mutilation and to ensure correct operation. 


1. Substations Within One-Mile Radius 
1.1 SIMPLE DIRECT-WIRE CONTROL SCHEME 


For the supervisory control and indication 
of electrical substations within a radius of ap- 
proximately one mile, it is often possible to lay 
down multi-core cable and operate on a direct- 
wire basis. Then with a common-battery supply, 
the overall scheme can show an appreciable 
saving in first cost, whilst providing the definite 
advantages accruing from initial simplicity. 
Heretofore such schemes have usually operated 
at 110 or even 220 volts over power-type multi- 
core cable, but with the alternative using light- 
current apparatus, working at, say, 24 or 50 
direct volts, it is possible to employ multi-core 
telephone-type cable incorporating copper con- 
ductors of 10 or 20 pounds (4.5 or 9 kilograms) 
per mile, being equivalent respectively to 23 
and 20 steel wire gauge (0.61 and 0.91 milli- 
metres), and show a marked saving in cost with- 
out any loss in reliability or robustness. The type 
of cable must depend upon the local conditions 
and its proximity to other electrical circuits, 
but in general it should be lead-covered, with 
steel tape or wire armouring. Such schemes 
sometimes employ ingenious circuit arrange- 
ments relying upon marginal currents to reduce 
the total number of cores, but the use of tele- 
phone-type cable permits of the relatively 
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generous use of conductors with consequent sim- 
plicity and sturdiness in design. A typical in- 
stallation of equipment operating on these prin- 
ciples is illustrated in Figs. 1 and 2, whilst Fig. 3 
shows an outline of the simple schematic ar- 
rangements on which the system is based. 

This particular project concerns a group of 
electrical substations serving a large steel works 
and covering a wide area, which are intercon- 
nected with the central control point by multi- 
core telephone-type cables. Each circuit-breaker 
or isolator is represented on the mimic-diagram 
control board by a combined key-indicator of 
the semaphore type (see Figs. 4 and 5). This 
unit, which is one-hole fixing, incorporates a 
miniature lamp (behind a translucent insert), 
which lights up or flickers when the indicator 
and its corresponding switch at the remote end 
are "out of agreement"; and in this way visual 
indication (accompanied by an audible alarm) 
is given when the distant unit changes its posi- 
tion, e.g., a breaker trips on fault. The semaphore 
serving as a mechanical position indicator need 
not normally be illuminated, an arrangement 
which gives a greatly increased life to the minia- 
ture lamps, and has proved a decided advance 
upon similar schemes where continuously il- 
luminated lamps are employed. 

It will be noted that the diagram board itself 
is sectionalized to facilitate subsequent network 
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modifications and extensions. Some idea of the 
construction of the cubicle and the internal 
wiring layout may be gleaned from Fig. 2. It will 
be noted that the large-type cable-forms usually 
associated with such equipments are obviated 
and that loose “jumper” wiring is used to con- 
nect the indicator circuits with the terminals 
in the base of the cubicle. An end view of, the 
cubicle is shown in Fig. 4, where behind a tight- 
fitting hinged door are located the isolating 
links associated with each incoming conductor 
and provided to facilitate maintenance. 
Reverting to the diagram of Fig. 3, the sema- 


.phore key-indicator SK is shown in the "closed" 


position corresponding to auxiliary contacts AC 
on the remote circuit breaker. When the breaker 
trips, contacts AC change over and positive 
battery is fed via AC, the pilot wire, relay wind- 
ing DR, and contacts SK1 to negative, thus 
energizing relay DR. This relay flickers the 
semaphore lamp SKL, and also rings the audible 
alarm. When the signal is “accepted” by turning 
the semaphore key through 90 degrees to the 
"open" position, the witiding of DR is short- 
circuited and normal conditions are restored. 

Where control facilities are included, the 
interposing relays at the distant substation are 
connected as shown and the semaphore indi- 
cator is fitted with spring-loaded ‘‘overturn” 
positions. 


ааста | 
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SKE AND SK2 OCCUPY EITHER OF TWO POSITIONS ACCORDING AS KEY INDICATOR 15 IN THE “OPEN” OR "CLOSED" POSITION. 
SK3 CONTACTS CLOSE WHEN THE KEY IS OVERTURNED FROM EITHER THE “OPEN” OR "CLOSED" POSITION. 


CR="CLOSE™ INTERPOSING RELAY. 
TRz"TRIP" INTERPOSING RELAY. 
SK=SEMAPHORE KEY INDICATOR. 


DR="OUT OF AGREEMENT" RELAY. 
SKL=LAMP IN SEMAPHORE KEY, 
АС = BREAKER AUXILIARY CONTACTS. 


@ zINTERRUPTED “FLICKER” SUPPLY 


Fig. 3—Direct-wire scheme for a group of substations serving a large steel works. 
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Fig. 4—End view of the central control board (see Figs. 1 
and 2) showing the conductor isolators. 


2. Pilot Wires and Separate Frequencies 
2.1 PiLor-LiNE NETWORKS 


Where the use of direct-wire schemes are 
prohibited by distance, cost, or the difficulties 
of excavation for cable, resort must be had to 
other methods employing the minimum number 
of pilot wires or, alternatively, using separate 
frequencies superimposed on circuits already 
existing for other purposes. 

Dealing first of all with the former case, the 
final arrangement depends very much on local 
conditions, the layout of the stations involved, 
and the range of facilities to be satisfied. Three 
types of station grouping about a central point 
are indicated in Fig. 6. That at (A) represents the 
connection of a number of stations to the central 
point on a radial network, i.e., one pilot circuit 
separately to each remote station. At (B) is 
shown a number of distant substations grouped 
radially about the intermediate, parent, or tan- 
dem station 7, which in turn is connected to the 
control point CS by an independent pilot line. 
This method is economical in conductors between 
the tandem and central stations, particularly on 
very large schemes involving hundreds of sta- 
tions, but may result in slight delay in transmis- 
sion of signals to the central point if more than 
one substation in any one group wishes to signal 
at the same time. 

Yet another layout is that of (C). This is 
known as the omnibus or party-line arrangement 
in which one through circuit feeds a number of 
substations connected thereto in parallel. This 
represents an appreciable economy in pilots 
where the geographical layout and the degree of 
traffic permits of its use and without any de- 
terioration in the quality of the service to be 
obtained from the equipment. Obviously, it is 
possible to plan pilot-network layouts combining 
the arrangements outlined above, and this is 
usually the case in large schemes of centralized 
control. 

The pilot lines referred to above usually 
consist of one pair of conductors for signal trans- 
mission in both directions for control and indi- 
cation. Other facilities such as telemetering can 
also operate over the same wires or with greater 
simplicity can be accommodated on additional 
conductors on the same route. 
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In the older, densely populated countries, the 
provision of separate pilot circuits for central- 
control schemes presents little difficulty, es- 
pecially where such circuits can be conveniently 
rented from the national postal and telegraph 

. administration. Even here, however, the ever- 
widening ranges of facilities demanded necessi- 
tate either more and more metallic conductors 
or further inroads on the existing conductors by 
using superimposed circuits. 


3. Telegraph Carrier 
Transmission 


Developments in the 
fields of telegraph car- 
rier transmission sug- 
gest a ready solution 
to the problem, since 
it is possible to provide 
hundreds of indepen- 
dent circuits simulta- 
neously on a suitable 
metallic-line circuit. In 
many instances, how- 
ever, such line circuits 
just do not exist physi- 
cally, and then provi- 
sion for these facilities 
alone may not be war- 
ranted, but where a 
high-tension line con- 
nects the controlling 
and contolled stations, 
resort may be had to 
carrier circuits super- 
imposed on the high- 5 А 
tension line itself. The 
main expense in such ; 
schemes is in the pro- 
vision of the terminal 
equipment, more espe- 
cially the apparatus 
which separates the 
high-tension power cir- 
cuits from the signal- 
ling equipment, but for 
long distance across 
country in areas either 
undeveloped or unsuit- 
able for separate pilot 


(A) RADIAL 


circuits, these prime costs may well prove very 
small compared with the advantages to be gained 
by the use of centralized control. 


3.1 TYPICAL SIGNALLING SCHEME 


A general outline of a scheme for control and 
indication of an electrical substation from a 
central point can be gathered from the block 
schematic of Fig. 7. For simplicity, let us con- 
sider a single station served by a line of two pairs 


Fig. 5—Semaphore key-indicator with associated relay. It is a one-hole fixing for 


control boards. 


(B) RADIAL-TANDEM 


(C) PARTY LINE 


PILOT LINE (2 CONDUCTORS) 
C$ CONTROL STATION 
T TANDEM STATION 
$ SUB-STATION 


Fig. 6—Typical pilot-line arrangements for three station groupings about a central point. 
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(four conductors). Both locations are equipped 
with apparatus for sending and receiving signals 
consisting of trains of impulses coded to repre- 
sent distinctive numbers, much the same as 
multi-digit numbers when generated on an auto- 
matic telephone dial. At the control station, 
most of the signals are initiated as a result of a 
definite manual operation by the control en- 
gineer, whereas most of those issuing from the 
substation originate automatically, due to in- 
voluntary movement by individual mechanisms. 

For instance, should a breaker trip, say, on 
fault, its auxiliary contacts via its "link" circuit 
stimulate the substation code sender which, 
seizing the line, transmits a signal (lasting ap- 
proximately two seconds), which is routed at the 
control station to the code receiver. This ap- 
paratus sorts out and checks: the message and 
directs it in turn to the appropriate part of the 
equipment, in this case the control-board indi- 
cator corresponding to the switchgear unit con- 
cerned. In the same way, signals from the control 
station are generated by the code sender there, 
which seizes the line, and the resultant impulse 
train passes to the code receiver at the substation 
where it is *"de-coded" and directed to the ap- 
paratus concerned. 

It is here that the safeguards referred to at 
the beginning of this article are of importance. 
One method to ensure that only correct opera- 
tions are effected is by the use of signal codes 


CODE 
RECEIVER 


LOCK 
QUT 


REWOTE SUB-STATION 


LINK 
CIRCUITS 


SENDER 
FINDER 


RECEIVER 


CODE 


LOCK 
OUT 


SENDER 
FINDER 


specially compiled. Each code may consist, say, 
of three numbers or digits, A, B, and C; but all 
codes have one thing in common, that A plus B 
plus C is a constant value. On receipt of any code 
at the distant end, it is checked for the correct 
number of digits and also the correct total, and 
only when these conditions are satisfied can this 
code be effected. 

Another method adopted is that of “ргеѕејес- 
tion checkback." Here, before a control opera- 
tion can be effected, a preliminary or preselec- 
tion code is sent down the line to “pick out" the 
unit which it is desired to control. When this 
selection has been done, a ‘‘check-back’’ code 
peculiar to the selection made is sent to the 
control station and, if it "agrees" with the 
originating unit, a special "go ahead”’ signal is 
given to the controller. The latter then completes 
his final operation whereupon a further signal 
is sent down the line to be followed by the ap- 
propriate position-change indication back to the 
control station, confirming that the desired 
operation has been completed. The pre-selection 
condition previously set up is then cleared down, 
leaving the line free for other signals. 


4. Advantages of Signal Codes 


The first-mentioned method has decided ad- 
vantages, not only in simplicity and speed of 
operation, but also because it "occupies" the 
pilot line only during actual signal transmission, 


CONTROL STATION 


LINK 
CIRCUITS 


Fig. 7—Block schematic for control and indication of an electrical substation from a central point. 
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Fig. 8— Telephone relay, generally mounted in groups according to circuit requirements. 


whereas with ‘‘preselection check-back’” the line 
is held from the initial preselection operation 
until final clear down, thus preventing its use 
for the transmission of other signals that may 
require urgent attention. 

An alternative to the use of coded signals, 
and one that has been widely used, employs 
rotary distributors at each location. These are 
rotated simultaneously, checks being provided 
to ensure that they keep in step or are otherwise 
correctly synchronized in each possible position. 
Such schemes require, in general, a greater 
number of pilot-wire conductors and cannot 
supply the same high degree of flexibility as is 
inherent in schemes employing coded signals. 


4.1 APPARATUS 


Systems based on telephone practice employ in 
the main relays, selectors, and suchlike appara- 
tus, as have been standardized for telephone use, 
and these in vast numbers have proved their 
reliability in the very exacting field of constant 
daily operation on telephone systems in all parts 
of the world. The principal items employed com- 
prise relays (Fig. 8) and uniselectors (Fig. 9), 
which are generally mounted in groups according 
to circuit requirements on multi-point jack-in 
panels, similar to that shown in Fig. 10. Where 
there is a number of similar circuits on one set 
of equipment or a number of substation instal- 


lations generally similar to one another, this 
type of mounting gives the maximum flexibility 
and greatly facilitates normal maintenance work. 
A few spare mountings of each kind can be held 
in readiness for substitution as need arises, thus 
enabling a faulty unit to be returned to a central 
depot for repair under the best possible condi- 
tions. 


Fig. 9—Uniselectors are among the principal items of 
apparatus standardized for telephone practice. 
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5. Appearance of Control-Room Equipment 


For the equipment located in control rooms 
and mounted on control boards and desk, it is 
particularly desirable to improve on the normal 
telephone switching product so that these equip- 
ments should present a really good appearance, 
having a high-grade finish and carried out in 
coloür tones pleasing also to the eye. There is 
increasing appreciation of the fact that the work- 
ing surroundings play a very important part in 
ensuring contented operators and efficient opera- 
tion, and the quality of workmanship of contro! 
panels and desks and their artistic design can 
contribute greatly to the desired end. It is not, 
therefore, sufficient to specify loosely that the 
equipment should mount keys and lamps, but 
some idea of the quality of workmanship should 
also be laid down so as to encourage those manu- 
facturers who pay particular attention to these 
features and are willing to initiate special designs 
to give the best possible appearance to their 
products consistent with the conditions in which 
they are to be used. 


E 


6. Centralized Supervisory Control Schemes 


Table I lists a selection only from the many 
supervisory remote-control and indication equip- 
ments designed and manufactured by Standard 
Telephones and Cables, Limited. Each installa- 
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Fig. 10—Jack-in type apparatus panel with cover re- 
moved. This type of mounting gives maximum flexibility 
and facilitates maintenance. 


tion is served from a central control room. The 
facilities totals, though approximate, only serve 
to indicate the size and range in each case. 


TABLE I 


Location 


Mid-East England Area 
(Leeds) 


Supplied to 


Central Electricity Board 


Details 


31 remote stations; indication of 68 switches and 30 trans- 
formers; 55 remote meter readings; 9 total load readings; 
9 routine instruction panels; automatic and manual 
switching, priority and emergency telephone facilities. 


Wellington City Council Wellington, New Zealand 


24 stations; 190 switches and transformers; 16 remote 
meter readings; mass firing group control; miscellaneous 
alarms telephone; remote routine testing. 


Great Indian Peninsular 


t Bombay Kirkee-Igatpuri 
Railway 


(Kalyan) 


14 remote substations and track cabins; control and 
indication of 220 switches; miscellaneous alarms. 


London Passenger Trans- Underground: Northern and 


port Board Western extensions (East 
Finchley and Old Oak Com- 
mon) 
Manchester City Corpora- | Manchester 


tion 


London, Midland & 


Scottish Railway (Stonebridge Park) 


London Euston-Watford Line 


15 rectifer substations; 450 switches controlled and 
indicated; 53 meter readings (voice-frequency carrier 
system); 60 miscellaneous alarms. 


Common-diagram system; centralized control of city 
networks (33 kilovolts, 11 kilovolts and 6.6 kilovolts), 
95 substations, 500 switches and transformers controlled 
and indicated. Planned for ultimate extension to 400 
city distribution stations. 


Common-diagram system: 17 rectifier substations and 
associated power station, 200 breakers, 240 alarms, tele- 
phones. 


Control Station Apparatus" 


By C. GORDON WHITE 
Standard Telephones and. Cables, Limited, London, England 


TYPICAL example of a modern con- 
trol station equipment is illustrated 
in Figs. 1 and 2, which show a central 
control desk supplied for a large city network in 
the Dominions. In this case, the main part of 
the city electrical network is shown on a large 
curved wall diagram approximately 30 feet 
(9.1 metres) long and 11 feet (3.3 metres) high 
to the rear of the central control desk. The wall 
diagram is made up of 234 panels each 10X10 
inches (2525 centimetres), which mount auto- 
matic semaphore indicators incorporating minia- 
ture lamps, manual indicators, alarm lamps, etc. 
A close-up view of part of this diagram is shown 
in Fig. 3. The desk. itself carries a restricted 
mimic diagram incorporating control key-indica- 
tors of the semaphore type solely for the switch- 
gear units subject to remote control. Towards 
the back of the desk diagram is fitted an alarm- 
locating indicator to facilitate the detection of 
the source of any alarm by the operator. When 
a breaker, say, trips, the audible alarm sounds, 
but at the same time this indicator shows the 
name of the station of origin and the type of 
signal that has been received. The operator is 
thereby able to direct his attention immediately 
to that part of the wall diagram with which the 
change is associated, and thus complete his 
duties most rapidly and efficiently. 
These indications are signalled on miniature 


* Reprinted from British Engineering Export Journal; 
March and April, 1946. 


lamp facias incorporating photographic plates 
carrying the various legends. The letters are 
normally invisible, but show up clearly in white 
or coloured lights when they are illuminated. 

Other examples of typical control boards are 
seen in Figs. 4 and 5. The former, comprising a 
desk in waxed oak mounting a mimic diagram for 
seven distant high-tension stations, concerns the 
control of a system operating over a mountainous 
pilot route. Fig. 5 consists of a single isolated 
control panel for a pumping station and includes 
meter readings of electrical load and water level. 

It will be noted that in these examples care is 
taken in the mounting of keys, meters, etc., to 
avoid so far as possible the use of screw heads 
that may be visible from the front of the panels. 
In Fig. 5, the meters, be it noted, are mounted 
at the back of the panel behind a circular bevelled 
cut-out, which serves to give a pleasing and 
smooth appearance to this part of the board. 

It is well-nigh essential on such schemes to 
pay particular attention to the way in which the 
apparatus is to be housed. The conditions in 
substations vary very greatly, both as regards 
temperature, humidity, and general cleanliness, 
and in many cases represent much more severe 
conditions than those in which telephone equip- 
ment is normally housed. It is difficult to improve 
upon the use of pressed steel cubicles, arranged 
for floor or wall mounting, where special precau- 
tions are taken to exclude dust. Typical ex- 
amples of such equipments are shown in Figs. 6, 


Fig. 1—Control desk and curved wall diagram for a centralized network of a large city in the Dominions. 
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7, and 8. The first mentioned, a floor-mounting 
unit, is fitted with hinged doors, which fit 
snugly on to rubber insertions to give a dust- 
tight enclosure. Fig. 7 shows a small wall- 
mounting unit, the method of hinging to give 
access to the rear wiring being shown in Fig. 8. 
Towards the top or base of each cubicle are fitted 
loose plates, which can be drilled on site as 
necessary to take the cable terminations, which 
assists to give a sealed enclosure. Where the 
conditions warrant it, local heater circuits can 
readily be fitted, and in humid conditions readily 
detachable air-drying units can be incorporated. 

In the substation cubicles are mounted the 
terminal boards connecting the small internal 
apparatus wiring to the stouter conductors in- 


coming from the switchgear units. One such type 
is illustrated in Fig. 9 and is similar to those 
already to be noted in Figs. 6, 7, and 8. This 
terminal block is a moulded type of robust design 
and can incorporate lamps where necessary, or, 
for instance, a fuse as is shown in this illustra- 
tion. Each outgoing connection is terminated on 
an OBA stud, being served by an isolating U-link 
with insulated handle. This ready means of 


isolating these circuits is invaluable during 
maintenance work. 

For equipment destined for tropical condi- 
tions, special precautions are taken with regard 
to apparatus finish, design of wiring, and type of 
enclosure. Manufacturers when designing such 
equipments are ever alive to the special needs 


Fig. 2—A closer view of the control 
desk in Fig. 1 shows that it carries 
a restricted mimic diagram in- 


corporating control 


key-indicators. 
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_Fig. 3—Wall diagram detail from Fig. 1. The complete 
diagram, which is curved, is 30 feet (9.1 metres) long and 
11 feet (3.3 metres) high, and is made up of 234 panels 10 
inches (25 centimetres) square, 


in this respect, and further advances in tropical 
finishes can be confidently anticipated in the 
light of the varied and widespread experiences 
of the Services during the war. 

Among the facilities stipulated in connection 
with planning of central control schemes are 
those of giving various meter readings at the 
central point. A number of simple and ingenious 
schemes have been devised to meet such require- 


ments, a few only of which can be touched on 
here. 


1. Simple Loading Indications 


For simple loading indications, where the 
distances are short arid a high degree of accuracy 
is not imperative, direct metering offers a ready 


‘solution. Here (see Fig. 10), for readings of 
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alternating current or 
voltage, connection is 
made over the pilots 
between the current 
or voltage trans- 
former at the sub- 
station and an indi- 
cating milliammeter 
at the control station, 
suitably calibrated to 
make allowance for 
the pilot resistance. 
If possible, a separate 
pilot pair for this pur- 
pose permits of such 
an indication circuit 
once selected being 
maintained as long 
as may be required, 
without affecting in 
any way the reten- | 
tion of the main signalling circuit for all con- 
trol and indication purposes. 

If spot readings of this type are adequate, 
both the signalling and metering facilities can 
be provided simply over the same pair. For this, 


Fig. 4— Typical network control desk. 


"slow-acting" relays are included at each end 9 о 

of the line, and when such а “timed” meter 

selection is initiated the line is switched tem- (dy A 
Ө: © 


porarily by these relays from the supervisory 
equipment to the selected metering circuit. The 
period for which the reading is available is 
adjustable, and may be of the order of 15-20 
seconds. Meanwhile, supervisory signals, which 
may be initiated, are automatically stored and 
transmitted later as soon as the meter switching 
relays return the line again to its normal use. 
Where greater accuracy is required, or longer 
lines, not necessarily metallic throughout, are 
experienced, resort must be had to other means 
of obtaining quantitative readings. One such 
method for transmitting various types of meter 
readings over a telephone channel is available in 
the Variable-Frequency Continuous (VFC) me- 
tering system. One form of this is illustrated 
schematically in Fig: 11, a typical transmitting 
meter being shown in Fig. 12. For this scheme, | 
the transmitter—a meter of otherwise normal | 
design and type—is fitted with a small vari- 
able capacitor connected in the tuning circuit Fig. 5—Control board for 
of a variable-frequency oscillator so that the remote pumping station. 
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frequency output is a function of the meter read- 
ing. The variable voice frequency thus generated, 
on receipt at the distant end of the line, is ampli- 
fied, cleaned of harmonics, limited in peak volt- 
age, and is then passed through a discriminating 
network, the output of which in direct current 
is inversely proportional to the frequency input. 
'The«direct-current indicating meter connected 
in this output circuit is calibrated to correspond 
with the distant transmitting meter, and follows 
faithfully and without any appreciable time lag 
the fluctuations of the corresponding transmit- 
ting meter. This system is of course by no means 
limited to transmission of electrical quantities 
can readily be used for a variety of readings, 
such as air pressure and the like. 

The frequency band corresponding to one 
meter circuit is only 50 cycles, so that by the use 
of filters several such circuits can be accom- 
modated simultaneously on a channel otherwise 
suitable for normal speech transmission. 


Fig. 6—Substation apparatus, cubical for floor mounting. 


An alternative to this is the "photo-telemeter- 
ing" system. In this a voice frequency, generated 
by the transmitting meter incorporating a small 
motor and photo-electric cell, is interrupted at 
intervals to give a series of impulses, the ratio 
of "make" to "break" of which is a measure 
of the reading to be transmitted. This is received 
ultimately on a milliammeter suitably calibrated 
to agree with the scaling on the associated dis- 
tant transmitting meter. 


Fig. 7—Apparatus cubicle of wall-mounting type for 
Substations, carrying moulded terminal blocks of kind 
Shown in Fig. 9. 


With the extended use of centralized schemes 
for large networks there is an increasing demand 
for means to give summated totals of readings 
derived from several sources. In self-contained 
areas of small extent, as for instance power sta- 
tions, and where the totals do not in turn require 
to be transmitted, this need can be satisfied by 
the existing mechanical summators operating 
from a number of individual impulsing watt- 
hour meters. For a network of wide extent, 
readings corresponding to the individual load 
readings can be transmitted over the supervisory 
pilots to the control centre, where the summation 
can then be readily effected. 

In one method, the local total load represent- 
ing the average load over an agreed short period 
is converted into a signal code indicative of 
quantity, and this is transmitted at regular 
intervals (say, every two minutes) via the super- 
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visory signalling channel, to the central point. 
There the various totals can be not only indi- 
cated individually, but also counted on registers, 
which may constitute an electromechanical sum- 
mator for display according to local needs. 


2. Equipment Maintenance 


Once resort has been had to the use of super- 
visory control, it is highly desirable that the 
equipment be kept in first-class condition and 


Fig. 9—Terminal block of the moulded type with isolat- 
ing links. These blocks can incorporate signal lamps 
where necessary, or a fuse. 


departures from standard mean adjustment are 
detected before they can result in operation 
failure. The extent to which routine testing is 
necessary depends on the frequency of operation 
of the equipment, the type of maintenance per- 
sonnel available, and the local conditions, such as 


Fig. 8—Substation unit of the type shown in Fig. 7 n nvolved and the ilabilitv of $- 
without jack-in apparatus. The framework is hinged down distances invo and the availabi У tran 


to give access to the rear. port. 
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Fig. 10—A'direct metering scheme, which offers a ready solution for simple loading indications 
where the distances are short and a high degree of accuracy is not imperative. 


dg et ELECTRICAL COMMUNICATION 


e METER 
[D — | 


SUB-STATION 


CHANNEL 
FILTER 


CHANNEL | _ 
FILTER — ! 


VARIABLE 
OSCILLATOR 


MODULATOR 


OTHER- = 
CIRCUITS AS ! 
First ^ 


TELEPHONE 
EQUIPMENT 


FIXED 
OSCILLATOR 


SUPERVISORY 
SICHALLING 
EQUIPMENT 


SUPERVISORY 
SIGHALLING 
| EQUIPMENT 


INDICATING METER 


CONTROL STATION 


AMPLIFIER 
AND HARMONIC 
FILTER 


DISCRIMINAT- 
ING 
NETWORK 


mm a 


i 
CHANNEL 1 


t 
--L- 


Fig. 11—Outline schematic of the voice-frequency continuous telemetering system. 


Fig. 12— Transmitting meter for voice-frequency con- 
tinuous system has a small variable capacitor connected 
into the tuning circuit of a voice-frequency oscillator. 


Equipment of the type described above de- 
pends primarily for its correct functioning on the 
common signal transmission and reception ap- 
paratus at the various stations, and for this 
reason the provision of portable routine test 
sets is most desirable. These are usually sup- 
plied. in pairs, one being for use at the central 
control point, the other being available for use 


at any of the remote substations. By their use, 
it is possible to deal with practically all troubles 
single-handed, whereas without them most 
trouble-shooting becomes a two-man operation. 


3. Routine Testing Sets 


'The set supplied for use at remote substations, 
for instance, is capable of simulating both the 
transmitting and receiving operations, which 
occur on the control-station equipment, i.e., 
it can transmit all signals that would normally 
be received at the substations and can check, 
too, the reception of all codes that can be trans- 
mitted from every substation. 

Each set (see Fig. 13) is provided with a 
flexible connecting cord and multi-way plug, 
which for testing purposes is inserted in ap- 
propriate jacks fitted as standard equipment on 
each cubicle equipment. 

The efficient operation of the equipment is 
very dependent upon reliable line conditions, and 
it is usual to include continuous line proving in 
which marked depreciation of line conditions is 
alarmed at the central point. In addition to this, 
the test sets normally include means for check- 
ing the line characteristics. . 


4. Remote Testing Facilities 


It is sometimes argued that such testing as is 
indicated above, whilst fairly desirable, does not 
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give ready means to 
the control attendant 
to check at intervals 
the through operation 
of the equipment, 
‚ parts of which may 
not be called upon to 
function on some net- 
works except at very 
infrequent intervals. 
Tomeet this criticism, 
‘some installations 
have included remote 
routine testing facili- 
ties. For each circuit 
breaker ог similar 
device, subject to re- 
mote control and indi- 
cation, a two-position 
relay of the latched-in 
type is provided on 
the substation control 
equipment. By opera- 
tion of a common test 
key at the control 
point, the supervisory connections at the sub- 
station can thus be switched remotely, and for 
as long as may be required, from the switch- 
gear to these relays. The latter can then be 
remotely controlled, just as if they were 
breakers, from the control room and the resultant 
indications checked there, thus bringing into 
operation all the associated control apparatus 
therein involved. On one such installation, the 
control engineer in this way routine tests some 
14 remote substations once a week during a 
period in which switching operations are rela- 
tively quiet, and it is understood that this par- 
ticular facility is viewed most favourably by the 
operating staff. 


5. Editor's Note 


Our overseas readers will be interested in a 
little more amplified description of the variable- 
frequency continuous (VFC) system to which 
Figs. 11 and 12 refer. The advantages claimed 
for the system are, in brief: 

1. The band of frequencies used for one indication is 


narrow—50 to 80 cycles—and has sharply defined limits, 
so that a number of simultaneous indications can be trans- 


Fig. 13— Portable Sets for routine tests are usually supplied in pairs, one for use at 
the central control point; other is for use at substation. 


mitted over a single line or, alternatively, somewhat fewer 
if speech is required at the same time. 

2. The indication is truly continuous at all parts of the 
scale, so that small changes are shown immediately. 

3. There are no moving parts whatever other than the 
actual moving elements of the transmitting and indicating 
instruments. 

4. The indication is independent of the line attenuation 
over a range of 0-30 decibels. 

5. The indication is independent of cross-talk and other 
induced interference, provided the induced voltage is not 


greater than half the indicating voltage, and only then 


when the interference falls within the band employed. 

6. The complete equipment may be run entirely from an 
alternating-current mains supply, the load being about 
3 watts for the transmitting equipment and 10 watts for 
the receiving equipment. The accuracy of the indication is 
scarcely affected by fluctuations in the mains voltage, a 
variation at the transmitting station of +10 per cent 
causing an error of only +0.2 per cent in the indication. 
Variation of voltage at the receiving station has no appre- 
ciable effect. 

7. The accuracy of the indication is only slightly affected 
by changing the oscillator valves. For instance, on test a 
maximum error of 0.5 per cent has been observed when the 
regular oscillator valves were replaced by very old ones. 
Any such error is easily checked and corrected at the trans- 
mitting station by adjustment of the oscillator. This is 
possible because of the presence of a positive signal at zero 
and full scale deflections. No zero adjustment is necessary 
on the actual meters othef than those normally required. 


Very-High-Frequency Triode Oscillator and Amplifier 


Circuits * 


By GERARD LEHMANN 


Laboratoire Central de Télécommunications, Paris, France 


REVIOUSLY it has been shown! that 
triodes are capable of operating with sub- 
stantially constant power gain and effi- 
cienéy up to frequencies at which the dimension- 
less parameter e reaches the value 2.5 
g= Ж , 
where 


f frequency in megacycles per second, 
d — cathode-anode distance in centimeters, and 
V supply voltage in volts. 


Triodes still operate as oscillators, but with 
low efficiency, for values of e exceeding 8. 

These e values correspond to frequencies much 
higher than those usually employed before the 
war. The inherent capabilities of triodes have 
been made useful through improvements in the 
associated circuits. 

The replacement of the tube leads, in the form 
of thin rods passing through glass, by coaxial 
seals of large diameter and the use of resonant 
cavities have made possible an extension in fre- 
quency of two octaves in the application of 
triodes. The types of circuits that produce these 
results will be described and their operation and 
mode of adjustment will be analyzed. 


1. General 


Circuits associated with ultra-high-frequency 
tubes, such as Klystrons, have already been the 
object of numerous publications, so that it is not 
necessary to develop here all of the basic con- 
siderations. 

The two principles that must be satisfied by 
the circuit (Fig. 1) are: 


A. Circuits associated with electrodes that act on the elec- 
trons must be capable of being tuned to the desired fre- 
quency. 


B. High voltage-magnification factors Q are almost always 
necessary. 


* Reprinted from L'Onde Elecirique, v. 26, pp. 357-366; 
October, 1946. 
.lGerard Lehmann, "Application de l'analyse dimen- 
sionnelle aux tubes à trés haute frequence, cas de la triode," 
L'Onde Electrique, v. 26, pp. 175-187; May, 1946: Also, 
а Communication, у. 24, pp. 391-405; September, 
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These two conditions lead, as is well known in 
the case of Klystrons, to the construction of 
high-frequency circuits in the form of resonant 
cavities of revolution. Such cavities permit tun- 
ing at the frequencies contemplated and the 
symmetry of revolution results in high Q factors, 
everything else being equal. 

In a cavity of revolution, the current density 
is constant along a circle having its plane at 
right angles to the axis of revolution, and it can 
be shown by the calculus of variations that this 
uniform distribution of current corresponds to 
minimum ohmic losses. Thus, cavity resonators 
fulfill the essential requirements for circuits asso- 
ciated with ultra-high-frequency triodes. 

Tubes may be classified in two major groups 
according to the mode of flow of electrons: tubes 
having a plane structure as in Fig. 2, or a cylin- 
drical structure as in Fig. 3. 


| 

| 
чы 
ҢЫ 

| 

| 
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Fig. I—Resonant circuit as used with 
ultra-high-frequency tubes. 


Consider first the part played by the cavities 
in the case of a tube used as an amplifier and 
having negligible field penetration through the 
grid. This is the case for a very large amplifica- 
tion factor y. 

Omitting the power supply leads, the sche- 
matic is then very simple as may be seen in 
Fig. 4. On one side of the grid is the modulation 
or cathode cavity to which the energy for ex- 
citing the tube is applied, and on the other side 
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the output or anode cavity to which the load 
impedance is coupled. 


2. Q Factors 


If the operating conditions of the tube proper! 
are defined, the Q factors under load are deter- 
mined and may be evaluated. 


CATHODE 
CATHODE- GRID 
CAVITY 


Fig. 2—Cavity of revolution associated with a tube 
having a plane cathode-grid structure. 


To avoid possible confusion, it is desirable to 


define more precisely Q factor under loaded and 


unloaded conditions. 

The Q factor in the unloaded condition of the 
cavities is that which would be measured with 
the filament of the tube inoperative and with 
the couplings to external impedances eliminated. 
This coefficient takes into account only the 
ohmic and dielectric losses in the cavity. 

To be absolutely precise, it is sometimes prefer- 
able to make such a measurement with the cath- 
ode at normal operating temperature, but with 
the grid biased so that no electrons are emitted. 


CATHODE-GRID 
CAVITY 


1 


GRID 


Fig. 3—Cavity of revolution associated with a tube 
having a cylindrical cathode-grid structure. 


The unloaded О factors may be calculated, 
theoretically, by classic methods when the geo- 
metric shape and the resistivity of the metals 
constituting the walls of the cavity are known. 

In designing a circuit, it is extremely useful to 
make both the approximate theoretical calcula- 
tion and the experimental measurement of un- 
loaded Q factors of cavities, and not to accept . 
differences of more than 10 to 20 percent between 
the two values. A larger difference indicates 
abnormal operation; most often an excessive 
resistance at certain contacts, which must be 
eliminated. Such an operation is of great help in 
disclosing weaknesses that very often would be 
much more difficult to locate with the tube in 
normal operation. 

In contrast to the above, the Q factor under 
load does not depend critically on the losses in 
the circuits. Depending on the operating condi- 


‘tions of the tube, the load impedances are set 


by the characteristics of the tube, and the cou- 
plings between the cavities and the external 


EXCITATION 
CATHODE 


MODULATION CAVITY 


GRID 


OUTPUT CAVITY 
ANODE 
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Fig. 4—Basic structure of a triode high-frequency 
amplifier using cavities of revolution. 


circuits will be adjusted accordingly. In making 
these adjustments, the cavities are given Q fac- 
tors that are determined primarily by the tube 
characteristics and not by the ohmic losses of 
the cavities. 

Suppose two cavities, one of copper and the 
other of a higher-resistance material, are asso- 
ciated successively with the same tube. If the 
anode circuit is to present to the electron beam 
a load impedance imposed by the conditions of 
optimum operation, the load circuit must be 
strongly coupled to the copper cavity and weakly 
coupled to the resistive cavity. In both cases, the 
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sum of the power used externally and the power 
lost inside of the cavity itself will be the same. 
Therefore, the Q under load is the same. The 
only difference is in the transfer efficiency be- 
tween the circuit and the external load imped- 
ance, which is high in the case of copper and 
low in the second case. 

Of, course, it is indispensable to be able to 
effect an adjustment so that the Q coefficient in 
the idle condition may be greater than the de- 
sired loaded Q. 

This is why it is possible to calculate the Q 
under load in the absence of information on the 
mechanical construction of the cavities. 


VOLTAGE 


Fig. 5—General operating conditions for a triode trans- 
mitting tube. Grid potential O is plotted as the origin. 
Amplification factor и is assumed to be infinite. V, — anode 
voltage, V,—grid voltage, and У, = cathode voltage. 


Let us make such an evaluation: In a previous 
article! concerned with the operation of triodes 
proper, it was shown that in general the follow- 
ing operating conditions (Fig. 5) are adopted for 
transmitting tubes: 


A. Operation is class B. 
B. Maximum potential difference between grid and cath- 
ode is 0.1 of the supply voltage. 


C. Minimum potential difference between grid and anode 
should be zero volts. 


All of the conditions of operation and the Q's 

are completely determined if we assume 
fd 
o> TR 

The tube operates in the quasi-steady state when 
€ is between 0 and 2.5, where 
f=frequency in megacycles, 
d — cathode-anode distance in centimeters, and 
V —supply voltage in volts. 


We now calculate the Q coefficients under load 
for this region of operation. 


2.1 LOADED Q oF CATHODE CAVITY 
2.1.1 Active Current 


The peak current density is 


(0.1V)3? 


Ass = 2-107" 0 yr 


approximately, in amperes per square centimeter. 

This equation is obtained! by applying Lang- 
muir's formula and taking into account the 
maximum grid voltage of 0.1 V, and the cathode- 
grid distance d/4. Therefore, 


үз 


A peak = 10-6 ud М 


approximately, whence the fundamental com- 
ponent of the active current is 


yale 
а? ` 


А ose = M —0.5-1075 


2.1.2 Reactive Current 


As a first approximation, the density of the 
reactive current is the value of the current flow- 
ing through the capacitor formed by 1 square 
centimeter each of the cathode and grid surfaces 
under the effect of.the cathode-grid potential 
difference. i 


, = 10° 
A =0.1V-wCig=0.1V- Ifa а 
Vf 
oe M [-6 
=0.2-10 4° 
whence 
A’ d 
Q= 4.704 5 
=0.40. 


Therefore, Q varies between 0 and 1 іп the region 
of quasi-steady-state operation of the tube. 


CATHODE 
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Fig. 6—Loading of the cathode-grid cavity. 
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Thus, the loading in the cathode-grid space of 

_ the tube appears as a resistance in parallel with 

a capacitance, the whole being shunted across 
the cathode cavity as indicated in Fig. 6. 

In calculating the value of r, let s be the aver- 
age transconductance of the tube in the operating 
region; for class-B operation, the active current 
is half of the peak current, and 


poe DAV 2 
0.5501 s’ 


In practice, s varies between 10 and 200 milli- 
amperes per volt; therefore, r lies between 200 
and 10 ohms. 

It is possible to build coaxial lines having the 
above values of r as characteristic impedance. 
If a coaxial line, having a characteristic imped- 
ance 


is directly terminated in the cathode-grid space, 
the coefficient of reflection will remain low and 
will be between 0 and 1 in the quasi-steady state 
(Fig. 7). 


CATHODE 


Fig. 7—Cathode space formed of a coaxial line terminated 
in its characteristic impedance: Z)>=2/s. 


Such an arrangement is sometimes used in 
practice and allows a triode to be excited without 
any mechanical modification of the circuit over 
a very wide frequency band (several hundred 
megacycles). This arrangement is effective only 
in the case where there is no interpenetration of 
the fields existing on both sides of the grid, i.e., 
for very large values of » (from 30 to 100). 

Nevertheless, the general aspect of the phe- 
nomena is always as indicated above, and it is 
possible to take advantage of the low values of 
О and r in the cathode circuit to adapt it to 
operation over wide bands of frequencies. 


2.2 LOADED Q FACTOR OF ANODE CAVITY 


First, it is useful to note that, except for grid 
current, the electron beam induces identical cur- 
rents in the cathode and anode spaces. In par- 


ticular, the fundamental component of the high- 
frequency current of amplitude A/2 in class-B 
operation is the same for both circuits. 

Then, if V, and V, are the high-frequency 
voltages existing at the terminals of the cathode 
and anode cavities (excitation and anode oscilla- 
tion voltages, respectively), the power gain is 


and for the load resistances of the two cavities, 


R, V. ч 


Re v 

The value of G, which is theoretically 10 in the 
scope of the assumptions previously made, is 
smaller in practice due to the interpenetration 
of the fields through the grid. Practically, G is 
between 5 and 8. 

The loaded О of the anode cavity is calculated 
as previously, the active current being 


yam 
Ao 70.5.1075 ^ 
The reactive current is 
10-8 
‘= ‹ ——— 
A'=V ant Td 
V 
={-10-—7, 
whence 
A’ 
Q=4 = 1.339 


Taking into account the current drawn by the 
grid, O=1.8¢. 

In the case of actual tubes, the metallic and 
dielectric masses produce a total real capacitance 
about four times the capacitance of the active 
surfaces of the tube, which leads to О = 7.260; for 
92.5, we find Q=18. 

The load resistance is about 10 times the values 
found for the modulation cavity; it lies, there- 
fore, between 100 and 2000 ohms. 

These conditions make impossible a direct 
connection between the output space and a co- 
axial transmission line, and the use of a resonant 
cavity is unavoidable. The construction and the 
operation of this cavity call for special care. 

We thus arrive at a conception of the circuits 
associated with the triode as: 
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A. An excitation circuit with low impedance and Q, gen- 
erally easy to realize. 

B. An output circuit with a high impedance and Q, more 
difficult to build. 

Further, the effect of the interpenetration of 
the fields through the grid makes the above 
ideal situation more complicated, and does away, 
as we shall see later, with the beautiful simplicity 
of the excitation circuit. 

These principles now being established, we 
shall examine in greater detail the circuits that 
can be used for actual oscillators and power 
amplifiers. 


3. Oscillators 


It is well known that a given type of triode 
can work at its highest frequencies as an oscil- 
lator. For this reason, the study of ultra-high- 
frequency self-oscillating circuits deserves some 
attention. The two main problems are: 


A. Design of the anode resonator. 


B. Design of the feedback circuit to maintain oscillations. 


3.1 ANODE RESONATOR 


The anode resonator must meet four main con- 
ditions. 
A. It must be able to resonate al the desired frequency. 
B. It must not be readily susceptible to changes in the 
mode of oscillation. 
C. It must have a Q factor sufficient to insure good trans- 
fer efficiency. 


D. It must not interfere with the cooling of the anode. 


Condition A can always be met by resonating 
the cavity at a partial mode, 24/4, 33/4, etc., if 
we are dealing with a coaxial line. It is best to 
select а mode of oscillation as low as possible 
(4/2 or 4/4) to avoid spurious response at a 
frequency lower than that desired and to reduce 
the copper losses. Practically, with tubes having 
a plane structure, an oscillation in the 4/4 mode 
can almost always be adopted. In this case, as 
may be seen in Fig. 8, cooling is particularly 
easy, the anode being accessible from outside 
of the resonant cavity. The coupling to the load 
is effected by a loop. The only problem is the 
insertion of a series capacitance to prevent the 
anode direct voltage from reaching the grid. 

All sliding contacts are to be avoided if good 
efficiency is desired. The Q under load being 


generally higher than 20 at the larger values of 
e, the realization of a Q in the unloaded condi- 
tion of between 200 and 1000 calls for rigorous 
precautions at all metal-to-metal contacts. 


puc. 
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Fig. 8—Anode cavity resonator having \/4 dimensions, 
for use with plane triode. 


In the case of powerful tubes with cylindrical 
structure, the /4 circuit cannot generally be 
used for values of e exceeding 2.5, the dimensions 
of the resonator becoming such that it has a 
tendency to disappear inside the tube. 

А }/2 resonator, shown in Fig. 9, can then be 
used successfully; with this circuit, no anomalous 
low-frequency oscillation can take place and 
stable operation is thus insured. On the other 
hand, use of the higher modes, 34/4, 44/4, etc., 
encourages mode changes and must be discarded 
for this reason. 


HIGH-FREQUENCY 
POTENTIAL 
DISTRIBUTION 


OUTPUT 


COOLING AIR 


, Fig. 9—A 1/2 resonator showing high-frequency poten- 
tial distribution. The 1/4 coupling element DC is tubular 
to provide for cooling. | 
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Fig. 9 shows the high-frequency potential at 
the anode A to be in phase opposition with the 
other end B of the resonating element. A poten- 
tial node appears along circle V, which can be 
inside the bulb without causing any difficulties. 
Conductor NB may be a copper mass associated 
with the.anode, serving as a heat exchanger with 
air circulation. The 1/4 element РС: provides 
capacitive coupling of the load to surface B; 
cooling is accomplished by an air blast through 
the coupling element DC. An auxiliary device, 
described later, connects the high voltage to the 
anode. 

Such a circuit has proved efficient for oscil- 
lators delivering high powers at very-high fre- 
quencies. It is particularly well adapted to the 
case of radar oscillators, where the fact that the 
plate is supplied with pulses of a few micro- 
seconds duration at a very high potential (20,000 
volts) prohibits the use of a large bypass ca- 
pacitor across the terminals of the supply source. 
The use of the half-wave resonator completely 
eliminates this difficulty. 

This device was used as early as 1940 at the 
laboratories of Le Matériel Téléphonique by E. 
Touraton. Oscillators delivering a peak power of 
600 kilowatts on a wavelength of 50 centimeters 
have been constructed more recently. 


3.2 FEEDBACK CIRCUITS 


The purpose of this circuit is to obtain from 
the anode cavity the power necessary for tube 
excitation, and to apply this power to the 
cathode-grid space in the form of a high-fre- 
quency voltage having the appropriate amplitude 
and phase for the maintenance of oscillations. 
In other words, the feedback circuit is a four- 
terminal network, two terminals of which are 
connected between the anode and the anode face 
of the grid, the other two terminals being con- 
nected between the cathode face of the grid and 
the cathode. For a given frequency, this four- 
terminal network is equivalent to a transfer im- 
pedance completely characterized by parameters 
X and Y, of the form Z=X-+/Y. 

To say that the feedback circuit is adjusted 
to its optimum characteristics amounts to saying 
that X and Y have been given two particular 
values, X m and Ym. 

For instance, for very low values of ¢ (negli- 


gible transit angle), the potential difference V, 
between the grid and the cathode, and the po- 
tential difference V,, between the grid and anode, 
must be in phase agreement, and should also 
satisfy the relation 


Vor = 0.1 Va: 


For other values of e, the ratio а= V.s/ И, 
assumes complex (but perfectly defined) values 
for the fulfillment of the initial hypotheses. 

The modulus of ratio a remains close to 0.1 
for the quasi-steady states, and the value of its 
argument must be such that the voltage V,, be 
exactly opposite in phase to the fundamental 
component of the current induced in cavity GA 
by the electron flow modulated by voltage V. 
Thus, the conditions of Fig. 5 are satisfied in the 
operation of the oscillator and maximum effi- 
ciency is obtained. 

At very high frequencies, the four-terminal 
feedback network is generally too complex to 
allow a calculation of the values of its elements 
as functions of а, the more so since the value of 
the ratio a itself is not well determined theoret- 
ically. The practical problem is then the design 
of a circuit capable of being experimentally 
adjusted so that the desired efficiency is actually 
obtained, with the certainty that this efficiency 
is the highest that can be delivered by the tube, 
independent of the circuit, under the imposed 
conditions. 

In other words, we wish to be certain that the 
results given by the oscillator are limited by the 
electronic properties of the tube and not by poor 
design of the feedback circuit. That the feedback 
circuit depends on only the two parameters Х 
and Y is fundamental, and provides the solution 
to the problem for a given frequency. 

Thus, a feedback circuit may be set up in 
which two elements P and Q are experimentally 
adjustable and meet the two conditions 


A. P and Q actually act as two independent parameters on 
the transfer impedance. 


B. The optimum impedance Zm be obtained for realizable 
values of Р» and Qn. 


The following method makes it possible to 
check whether these conditions can be fulfilled, 
and to find the optimum adjustments of P,, and 
Om. The oscillator is supplied from a constant- 
power source, and the high-frequency power 
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delivered by the circuit is measured. By varying 
О asa parameter and plotting the curves of useful 
power 


И„=/(Р, Q), 


a family of curves is obtained having the appear- 
ance of Fig. 10. i 


10—Experimental measurements to determine 
optimum adjustments in oscillator circuit. The broken line 
indicates maximum output power at P,, and Qn. 


Fig. 


By making such a family of curves, the re- 
quired independence of parameters P and Q is 
shown. The existence of maxima on the various 
curves of Qi, Qz, etc., and a maximum peak 
shows that the optimum values Pm and Qm are 
within the range of adjustment. Under these 
conditions, the adjustment Pn, Qm constitutes 
the optimum adjustment, and the broken line 
corresponds to the maximum power and eff- 
ciency of the tube. 

For a given frequency, the same maximum 
efficiency nmax is obtained regardless of the type 
of feedback circuit adopted. However, feedback 
systems having appreciable ohmic losses give 
poorer results. 

Two types of feedback circuits will be ex- 
amined. The first is to be particularly recom- 
mended; the second one is defective, although 
often used. 


3.3 Grip-BELL FEEDBACK CIRCUIT 


The unit consisting of the tube and cathode 
and anode circuits has circular symmetry about 
an axis. It is preferable to adopt a feedback cir- 
cuit also having a circular symmetry about the 
same axis so as to minimize ohmic losses. The 
necessity for having two independent adjust- 
ments on the feedback circuit leads to the 
arrangement of Fig. 11. The cathode and anode 
terminate in two coaxial lines of adjustable 
lengths, and the grid G, instead of completely 


separating the two cavities, is connected to an 
open tube, of length P, inserted inside the cath- 


‘ode cavity. 


Generally, this open-ended insulated conduc- 
tor is called the grid bell. Current flowing over 
the inner and outer surfaces of this bell will 
transfer energy between the anode and cathode, 
thus establishing the desired feedback. P and Q 
constitute the two parameters necessary for ad- 
justment, and their values may be set experi- 
mentally without the slightest difficulty. 

'Thus, it is apparent that this oscillator may 
be operated under optimum conditions at a 
given frequency, as the four MEETS adjust- 
ments are provided. 


A. Frequency adjustment, effected by the anode resonator. 
B. Load-resistance adjustment, effected by the load cou- 
pling. 

С. Feedback adjustment Р. 

D. Feedback adjustment Q. 


An oscillator that does not have these four ad- 
justments cannot be operated at optimum effi- 
ciency, and the resulting decrease in efficiency 
is attributable to the circuit and not to the tube. 

The use of grid-bell oscillators of the type 
shown in Fig. 11, adjusted in accordance with the 
principles set forth here, has made it possible 
in a series of experiments on a large number of 


Q ADJUSTABLE 
BETWEEN 
о AND А/2 


L3 


L . 
f 2 


L LOWER 
THAN A/4 


OUTPUT 


Fig. 11—Grid-bell oscillator construction. Feedback is 
provided through the coupling orifice O. P and Q are the 
two feedback adjustments. 
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tubes at frequencies between 300 and 3000 mega- 
cycles, to obtain results always equal to and 
often better than those obtainable with oscil- 
lators built on any other principle. 


Fig. 12—Coupling at the junction of three coaxial lines, 
Lr, І, and Гл. 


We shall now examine in more detail the 
operation of the feedback circuit: First, it is 
necessary to understand the mechanism of cou- 
pling at the junction of the three coaxial lines 
represented in Fig. 12. Near the orifice O, the 
total current flowing on each of the metal sur- 
faces has exactly the same value; the directions 
of the currents are indicated by the arrows. 
Thus, at point O, the currents in the three co- 
axial lines Zi, Гә, and L3 are identical. The 
integrals of the fields between the extreme con- 
ductors give the relation 


ГА = Vit Vs. 


Fig. 13 shows the equivalent diagram, if each 
line is simulated at O by a two-terminal network. 
The three lines of Fig. 12 are thus connected in 
series at point O. 

The feedback circuit of Fig. 11 can then be 
interpreted as follows: The lower end of line Li 
is connected in series with the grid-anode space; 
it passes the total current (convection and dis- 
placement currents) flowing through this space. 
After going through coaxial line Zi, the energy in 
the circuit flows through the reactance offered at 
O by line Ls which is short-circuited at its 
upper end. 

This energy then flows through line Zz and 
finally induces the excitation voltage of the tube 
between cathode and grid. The adjustment of 


the length P of lines Га and Le, and of the length 
Q of line Z4, are independent, permitting an 
accurate adjustment of the amplitude and phase 
of the excitation. Thus, we see that if О=А/4, 
the series reactance at O is infinite and the 
excitation is zero. 

Lines Li and Le are of complex construction 
as they include parts of the glass structure of 
the tube, and it is difficult and useless to make 
a complete calculation of the system. 

Length P is generally between 1/4 and 3/2, 
and length Q between 0 and 4/2. 

The characteristic impedances for lines Li, 
Ls, and Lg may be chosen to fulfill additional 
conditions, such -as operation over a wide fre- 
quency band. It is thus possible to build oscil- 
lator circuits capable of being tuned over a range 
of +10 percent of the mean frequency by the 
tuning of only the anode circuit. 

We still have to consider the direct-current- 
supply systems for the insulated conductors, 
such as the 4/2 resonator in Fig. 9, or the grid 
bell of Fig. 11. The problem consists of prevent- 
ing any high-frequency-current leakage out of 
the system on the conductors supplying direct 
current. 

The circuit of Fig. 12 gives a solution to this 
problem. Suppose we have to supply bias to a 
bell grid G (Fig. 14) through a wire F. Wire F 
is passed through two coaxial tubes, connected 
together at R through a piston, such that the 
length QR is equal to 1/4. This line being short- 
circuited 3/4 from point О, offers at О an infinite 
impedance. The result is that no high-frequency 


Fig. 13—The three lines of Fig. 12 are effectively in series. 
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current can flow along the supply wire F, which 
is in series at P with the infinite impedance Q. 


Fig. 14—High-frequency choke, permitting biasing of 
grid bell G through lead F without leakage of radio- 
frequency energy. This method avoids the need for a 
bypassing capacitor. 


Such a system constitutes a high-frequency 
filter inserted in wire F. If wire F is suitably 
insulated, very high voltages can be applied at 
P without the necessity of a large bypassing 
capacitance (this is applicable to television and 
radar). Fig. 15 shows a;complete radar oscillator 
built on these principles. On a wavelength of 


50 centimeters, oscillators of this type allow the 


generation of powers of the order of 500 watts 
for continuous waves and 600 kilowatts peak 
power in pulse operation. 


3.4 OSCILLATOR WITH FEEDBACK BY INTERNAL 
CAPACITANCE 


An oscillator, circuit is often constructed by 
connecting the grid to the external shield of the 
circuits (Fig. 16), and adjusting the feedback 
with a cathode piston P. For feedback in such 
a circuit, reliance is placed on the existence of 
the cathode-anode capacitance due to the pene- 
tration of the fields through the grid. We then 
have only one variable for adjusting the feed- 
back circuit, and the optimum adjustment can- 
not be obtained. Often, the system does not even 
start oscillating, the cathode-anode capacitance 
being too low. A remedy sometimes consists of 
placing inside the tube two rods connected to the 
cathode and entering the anode space through 
holes in the disk surrounding the grid. The 
cathode-anode capacitance is thus increased, and 
oscillations can be obtained. This system is not 
thought to be very advisable for two reasons: 


A. The rods being in vacuum, capacitance ka is fixed, and 
the two necessary adjustment parameters are not available. 


B. The tube thus built cannot be used in an amplifier, 
and, consequently, two types of tubes must be built; with 
and without an additional coupling capacitance. It is 
preferable to build only one tube having a cathode-anode 
capacitance as low as possible and to use a feedback 
circuit external to the tube. 


4. Power Amplifiers 


Fig. 4 represents a triode power amplifier in 
the ideal case where there is no interaction of 
the fields through the grid, i.e., when 


Cka = 0 
апа 


B= «=. 


Unfortunately, this case is an ideal one, and 
the complications resulting from the existence of 
a capacitance between cathode and anode must 
be considered. To evaluate the effect of the latter, 
consider the electrostatic relation of a triode. 


HEATER LEADS 


CATHODE , 
PISTON 


CATHODE 
LINE 


2722) 


ZZ 


GRIO BELL 
FILTER ON GRID LEAD 


PLATE 


Х/Ф ANODE VOLTAGE 


RESONATOR FILTER ON HIGH 


VOLTAGE LEAD 


OUTPUT 
TRANSFORMERS 


OUTPUT 
AIR BLAST ш 


TUBE 


AIR BLAST 


Fig. 15—Complete radar oscillator circuit delivering 
500 watts continuous power and 600 kilowatts peak pulse 
power at 50 centimeters. 
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Let » be the amplification coefficient, Сы the 
cathode-grid capacitance, and Cra the cathode- 
anode capacitance: We have 


For class-B operation, let 71 be the fundamental 
component of the electron current flowing as a 
result of the excitation voltage V, 


The current brought to the cathode through 
capacitance Cj, is 


I= И.С = ЖЛ 


calling V, the anode oscillating voltage; therefore, 


Г, V. 1 oC 


Now, eCi,/(s/2) is the О under load of the 
excitation space, approximately 0.49. Hence, 
finally, 


As V,/ V. ranges from 5 to 10, when ф= 2.5, we 
see that /5/11—1 for u— 10. 

In this case, the anode voltage generates a 
cathode current equal to the excitation current. 

This current, in turn, when flowing through 
the internal impedance of the source of excita- 
tion, causes disturbances in this circuit that 
make adjustment of the amplifier practically 
impossible. The current J, depends on Vu, i.e., 
on the adjustment of the anode circuit. In other 
words, the existence of capacitance Cra has the 
effect of causing the tube excitation to depend 
on the adjustment of the anode circuit and, for 
ф= 2.5, this effect cannot be tolerated; small 
variations of anode adjustment will make the 
amplifier oscillate (positive feedback) or, con- 
versely, will suppress any amplification. Re- 
course must then be had to neutralization. 

Neutralization of very-high-frequency coaxial 
amplifiers is relatively new and little has been 
published on the subject. Consequently, varia- 
tions in both theory and practice may be ex- 
pected. 

In particular, at high frequencies, the trans- 
conductance of the tube and its internal imped- 


ance (when и is low) become complex numbers. 
The effects of these imaginary terms have not 
yet been analyzed in a manner simple enough to 


2222 


ZZ 


Fig. 16—Oscillator in which feedback is provided by 
the capacitance of two rods extending from the cathode 
through the grid disk. 


allow a deduction of their effects on power ampli- 
fiers. 

An amplifier may be considered to be neutral- 
ized when it can be easily adjusted by methods 
usual for longer wavelengths to produce the 
maximum gain and efficiency predicted from the 
tube characteristics. In such a case, interaction 
betwcen adjustments in the input and output 
circuits must be negligible. By varying the tun- 
ing of the output circuit, we must observe simul- 
taneously: 


A. Minimum plate current. 
B. Maximum grid current. 


C. Maximum useful power. 


The accomplishment of these conditions has 
been studied in an amplifier delivering 1 kilowatt 
on a wavelength of 50 centimeters, with a tube 
having an amplification factor of 10. With the 
tube cold, it was found that the effect of capaci- 
tance Cra, as expected, is to introduce a consider- 
able interaction between the cathode and anode 
cavities. 

The amplifier tube was inserted in a very-high- 
frequency coaxial bridge, which was adjusted 
(with the tube cold) to zero coupling between 
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input and output circuits. Under these conditions, 
the reactances of the excitation and output circuits 
could be varied independently of each other. 
With the tube in operating condition, adjust- 
ments were made with the same ease and sta- 
bility as at longer wavelengths. 

An additional difficulty exists in neutralizing 
very-high-frequency amplifiers. The reactances 
of the leads to the electrodes inside the tube are 
important since these connections may belong 
simultaneously to one arm of the bridge and to 
one of the outside circuits. If, when the tube is 
cold, a strong oscillation is excited in the anode 
cavity by means of an auxiliary source, the tube 
is considered to be neutralized when the follow- 
ing two conditions are fulfilled: 


A. No high-frequency potential difference exists between 
grid and cathode. 


B. No current flows through the normal source of excita- 
tion for the tube. 


To meet these two conditions, the neutralizing 
bridge must have two variables, while one is 
sufficient at low frequencies. | 

Fig. 17 represents the circuit used; R is the 
anode resonator; L, is the line supplying excita- 
tion energy to O’ in the bridge circuit. The 
latter comprises the three lines, Гл, Lz, and Ls, 
introducing, between the spaces on both sides 
of the grid, the external coupling for neutralizing 


А 


M^ 


OUTPUT 


Fig. 17—Neutralized power amplifier. 


the effects of capacitance Сы. As mentioned 
above, line element O’C (including the input con- 
nection in the bulb of the tube) is common to 
the excitation circuit and to the neutralization 
bridge. The following reasoning accounts, in a 
simple manner, for the operation of the system. 

The tube being inoperative (cold or strongly 
biased), let us excite cavity R by an auxiliary 
source connected to the output cable 5. Due to 
the high Q factor of cavity R, cónsiderable high- 
frequency voltage appears on the anode. If the 
excitation line E is open, no energy other than 
the small ohmic loss is dissipated on all the lines 
Li, Ls, and L5, coupled to the anode resonator. 
'Thus a system of almost pure standing waves is 
established along these lines, and the nodes and 
loops are displaced when the line lengths are 
modified. 

Neutralizing is obtained, subject to the two 
following conditions: 


A. Cathode C is at a potential node; the grid-cathode 
potential difference is then zero, as desired. 


B. Orifice O' is at a potential loop. 


In such a case, point О’ on line Г is a current 
node, and supplies no current to excitation line Л 
connected in series at point O'; the coupling 
between the source of excitation and the anode 
cavity is, therefore, zero. These conditions are 
obtained experimentally by adjustment of piston 
P and opening О’. 

A detector placed at E will indicate the exis- 
tence of condition B, and the tube itself, used as 
a diode (filament and grid), will indicate the 
existence of condition A. The operation is exactly 
like balancing an alternating-current bridge at 
low frequency. The Q's being high, it is almost 
indispensable to use an auxiliary source con- 
trolled by a quartz-crystal oscillator to obtain 
stable readings; naturally, this may be the driv- 
ing stages of the transmitter. 

The whole circuit lends itself to a quantitative 
analysis by writing successively the equations 
of the various coaxial lines and introducing the 
conditions discussed above. Without giving the 
calculations, we shall note that, in contrast with 
the case of oscillators, the positions of piston P 
and aperture O do not constitute two independ- 
ent variables in the present case. A sequence of 
identical adjustments is obtained for various 
positions of O and P, associated in pairs. For this 
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reason, it is mechanically convenient to make the 
final adjustment by moving only P. This is, due 
to the fact that the feedback circuit carries only 
reactive energy. 

There are several additional arbitrary vari- 
ables, which are useful in satisfying secondary 
conditions, such as: 


A. Termination at O' of excitation line L, in its char- 
acteristic impedance to eliminate standing waves on the 
line. 


B. Maintenance of optimum conditions over a wide fre- 
quency band for television transmitters. 


С. Introduction of controlled negative feedback to im- 
prove the linearity of amplification. 


The bridge consists of three lines, which pro- 
vide six variables (three lengths and three char- 
acteristic impedances). These offer great flexi- 
bility in the use of the system. 

The use of this system has already made pos- 
sible a solution of the difficult problem posed by 
the Columbia Broadcasting System for the trans- 
mission of color television. The transmitter, 
which is now undergoing a field test, comprises 
amplifiers of the type described using 6C22 
tubes.” 

‘The output stage delivers a peak power of 
1 kilowatt on a 60-centimeter wavelength, and 
the video-frequency modulation extends to 10 
megacycles; the total high-frequency bandwidth 
is 20 megacycles. 


5. Conclusion 


The developments of the last few years have 
resulted in great improvements in the field of 
meter wavelengths; then, under the influence of 
radar, in the field of centimeter wavelengths. 
The reduction in wavelengths has been so rapid 
that the field of the decimeter waves has been 
somewhat neglected. 

We think that the wavelengths between 10 
centimeters and 1 meter will have important 
applications, and this is the reason why interest 
is shown in the technique of triodes in special 
and well-adapted circuits. 


2 “Color Television on Ultrahigh. Frequencies,” Elec- 
tronics, v. 19, pp. 109-115; April, 1946. 


The possibilities of generating continuous- 
wave power with triodes are roughly as follows: 


A few deciwatts at 10 centimeters. 
A few watts at 20 centimeters. 
One kilowatt at 50 centimeters. 
100 kilowatts at 3 meters. 


We may expect in the future, and if the de- 
mand justifies the large work of elaboration that 
remains to be done, the appearance of tetrodes 
and pentodes for very-high frequencies, which 
will have powers and gains greater than those of 
triodes. The circuit technique may remain the 
same, comprising cavities of revolution for reso- 
nators and interwoven coaxial lines for feedback 
and neutralization circuits. 

The Resnatron, which is a tetrode tube de- 
livering 50 kilowatts continuously on a 50-centi- 
meter wavelength with an efficiency of 60 per- 
cent, is a landmark on the road to the future. 

The expanding applications of transmitting 
tubes and circuits have always been a dominant 
factor in the development of radio and we do 
not yet see any sign that this trend has changed. 
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Linear Theory of Bridge and Ring Modulator Circuits 


By VITOLD BELEVITCH 
Bell Telephone Manufacturing Company, Antwerp, Belgium 


HE operation of single-sideband carrier 
telephone systems is based on fre- 
quency translation by copper-oxide 

modulators associated with filters. The imped- 
ance match between filters and modulators and 
the determination of modulator losses are, thus, 
technical problems of foremost importance. Since 
satisfactory operation of modulators is based on 
a linear relation between output and input volt- 
ages, a linear theory must be sufficient to solve 
these problems. 

The principles of a general linear theory of 
modulator circuits have been developed by 
Caruthers and Kruse. They assume that the 
amplitude of the carrier voltage is much larger 
than the signal amplitude, the operation of the 
rectifiers then being controlled by the carrier 
voltage alone, except for negligibly short inter- 
vals when this voltage*is near zero. This linear 
theory permits calculation of the performance of 
modulators (which may be considered as variable 
linear networks) from the rectifier character- 
istics, but it is far too intricate for practical 
design purposes. In the present paper, a more 
workable approximate theory is developed and 
some important ideal cases are discussed. Various 
circuit conditions existing in practical modulators 
have been analyzed separately; care must be 
taken in applying the results to a real circuit 

_ where several effects may interact. It is believed, 
however, that the present study will be of use to 


the designer. 


e e e 


1. Introduction 


In papers dealing with rectifier-type modu- 
lators, various approximations have been pro- 
posed. In the most rudimentary theory, rectifiers 
are supposed to have zero forward impedance 
and infinite reverse impedance. With such a 
theory, the ideal bridge-type modulator is com- 
parcd to a periodically shorting shunt circuit, 
and the ideal ring-type modulator to a periodic 
phase inverter. This permits a rough calculation 
of the loss, but, obviously, gives no information 
regarding optimum values of terminating re- 


sistance. A solution of the problem of matching 
can only be obtained if finite values of forward . 
and reverse impedances are taken into account. 
The simplest approximation is to consider these 
impedances to be constant and purely resistive. 

The theory of such resistive modulators working 
between purely resistive terminations has been 
developed by Caruthers,! and Parmentier.’ If 
the modulator is terminated by filters or other 
reactive networks, or if its parasitic capacitance 
is taken into account, the exact analysis of the 
entire circuit entails laborious calculations in- 
volving Fourier series, even in the simplest cases. 
On the other hand, filter terminations usually 
increase modulator efficiency, due to their high 
or low impedance at unwanted sideband fre- 
quencies, and an estimate of this effect is desir- 
able. To simplify the calculation, a natural 
assumption is to postulate ideal filters having 
constant resistance throughout the transmitted 
frequency range and an impedance approaching 
zero or infinity for the eliminated bands. For the 
ring modulator, this has been done in some cases 
by Caruthers;! for the bridge modulator, block- 
ing circuits have been proposed by Katchatouroff 


.and Lalande. Sections 2 and 3 of this paper are 
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devoted to the theory of resistive bridge and ring 
modulators working between various ideal filter 
terminations. 

Section 4 is devoted to some experimental 
results on bridge modulators. In practical recti- 
fiers, the reverse impedance is mainly capacitive, 
and the results predicted by a purely resistive 
theory cannot be expected to hold. But relative 
results, such as the effect of ideal filters on the 
performance of a modulator compared to the 
performance of the same modulator working 
between pure resistances, are in very close agree- 
ment with measured values. 

A further verification of the resistive theory is 

1 R. S. Caruthers, ‘‘Copper-Oxide Modulators in Carrier 
Telephone Systems," Bell System Technical Journal, v. 18, 
pp. 315-337; April, 1939. 

2M. Parmentier, "Modulation par coupure et par in- 
version,” Annales des Posies, Télégraphes et Téléphones, 


рр, #118-803, September, 1937; and р. 1028, December, 
1937. 
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possible if the parasitic capacitance of the recti- 
fiers is compensated; this has been achieved by 
means of a circuit first conceived by Clavier and 
Denis. Measurements have been performed by 
artificially controlling the forward and reverse 
resistances of the rectifiers (by adding series or 
shunt resistance), and all results are in accord- 
ance with theoretical formulas if definite values 
are designated for the effective resistances. The 
effective value of the reverse resistance is com- 
parable to. the mean value of the differential 
resistance over a range of negative voltages, and 
the effective forward resistance can be directly 
measured. 

Starting with a modulator having compensated 
capacitance, the effect of increasing this capaci- 
tance has been systematically investigated, and 
an approximate theoretical expression is given 
in Section 4. 


2. Theory of Resistive-Bridge- Type Modu- 
lator 


According to the approximation of the resis- 
tive theory discussed in Section 1, the bridge 
modulator depicted in Fig. 1 will be replaced by 
a shunt resistance r(t), which is a discontinuous 
function of time; it takes the value r, (nearly a 
short circuit) during a half period of the carrier 
voltage, and the value 7, (nearly an open circuit) 
during the second half period. The variable re- 
sistance r(/) will be connected between a gen- 
erator of internal impedance Z and a receiving 
impedance Ze, as shown in Fig. 2. Both imped- 
ances are constant resistances at certain fre- 
quencies and infinite impedances at some other 
frequencies. 

The following notations are used: 


Е —carrier frequency, 
f 7 frequency of the generator, 
F--f ^ frequency of the useful sideband, 
о —2mnf, 
0=2тЕ, and 
6 —Q4-o-2z(F--f). 


The analytic expression of the variable re- 
sistance 7(f) сап be written 


ш (1) 


r(t) gui 80 — +r 


where u(t) is a periodically discontinuous func- 
tion of time, alternating between +1 and —1, 
and suddenly jumping from one value to the 
other at frequency F. Its Fourier expansion is _ 


u(t) = (sin Q+} sin 32+} sin SM+....). (2) 


CARRIER 


Fig. 1—Bridge-type modulator. 


Fig. 2—Equivalent circuit of a bridge-type modulator 
with terminations. 


2.1 OPERATION BETWEEN CONSTANT RESIST- 


ANCES 


In the simplest case, both Z; and Zə are 
pure resistances, Ri and Re, respectively. If 
e(t) =E cos wt is the voltage of the generator, the 
output current (Fig. 2) is formally given by 


er 
(RF Rar RaRa (3) 


DE 


in which, for the sake of brevity, the functions 
of time have been intentionally omitted. This 
expression will now be transformed by replacing 
* by its value in (1) and by multiplying and 
dividing by a factor such that u(¢) is eliminated 
from the denominator. Since u?=1, this factor is 
merely the conjugate of the denominator with 
respect to 4, i.e., it is a similar expression con- 
taining — instead of и. After the above trans- 
formations, (3) becomes 


Just (RiRot2rers)(Rit+Re) + RaRa(ro— 7.) 


2 RIRE- RR Rit Re) (rots) F Ri + Rs) rors 
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The first term represents the input leak, whereas 
the second gives the modulation products. The 
two main products arise from the term containing 


. Ír cos wt sin Qf -2E[sin (Q-4-«)t—sin (Q—w)é ]. 


If &—o-FQ is retained as the only useful com- 
ponent, the corresponding output current will be 


I; sin wt 
af RiR2(ro—7s) sin wt | 
т КАК КЁК» (Ё\-+ Ro) (а) + (Rit Rar, 


The loss in nepers, defined as half the logarith- 
mic ratio of the maximum available power 
F?/4R, to the received power R572 in the useful 
sideband, is 


E? 
zd 
A=} log ле 
=log w+ 
2 
RıRe+ (А.-А) (+) QUERI 
1202 

log : (4) 


2(r, = rs) (RiR)? 


Since this expressión is symmetrical with 
respect to Ri and Re, the terminating resistances 
have a common optimum value, which may be 
found by differentiation: 


Ri =Re=2(rer,)!2 =2, (5) 


where p is the “mean resistance" of the rectifier. 
The minimum insertion loss is then 


А =log r+log ле 


1/2 
=log +2 tanh (2) . 


о 


(6) 


The first term, which is equal to 1.15 nepers 
or 9.94 decibels, arises from the fact that only 
one modulation product is taken into considera- 
tion, whereas the second term gives the dissipa- 
tive loss of the modulator. Usually, this last 
term is a small quantity, and the hyperbolic 
function is nearly equal to its argument. As 
practical formulas, we thus get 


Ri =R2=2p, where р = (rors)"”, 
and 


| (7) 
А =9.94-Е17.4 а decibels, where a= (©, /г„)1?, 


3 Natural logarithms are used throughout this paper. 


It may be important to point out that opti- 
mum terminating conditions cannot be exactly 
described as matching some definite image im- 
pedances, for in the general case А7 А and 
expression (4) cannot be split into terms corre- 
sponding to reflection and interaction losses. 


2.2 OPERATION WITH AN IDEAL FILTER 


As a second case, consider a bridge modulator 


connected between a generator with constant 


ohmic resistance №; and a receiving impedance 
Za that behaves as a pure resistance Rs at the 
useful output frequency f+F and presents an 
infinite impedance at all other frequencies. This 
is approximately obtained by the insertion be- 
tween the modulator and the püre, constant, 
receiving resistance Кз of a band-pass filter 
having a constant-k-type midseries impedance 
on the modulator side and a sufficiently narrow 
bandwidth to secure the elimination of all sig- 
nificant modulation products with the exception 
of the useful one, F4-f. 

By Thévenin's theorem, the generator, in con- 
nection with the modulator, is equivalent to a 
fictitious generator e'(f) with an internal re- 
sistance 7’(é); both functions of time are easily 
computed by formal equations in terms of the 
и function, as in the preceding chapter: 


MOI f, 1+u rs 1l—u 
e) eet (s e S E), 


DERI. f, 14и rs 1—u 
Fee (xc 2 Rn 2 ) 


Since f4- F is the frequency of output current 
Z(t), it will be determined by the equation 


(8) 


f+ Е component of е = Rete. (9) 


If e(t) = E cos wt, 1з is purely sinusoidal; Is sin ot, 
due to the ideal filter, and (9) can be written 
explicitly in terms of amplitudes. 


=( fo __ fs )-5N fo a, fs 
w\Ritro К+, 2 А+, Rr, 


=R: 
(10) 
This gives immediately the amplitude of the 


output current. Since we are mainly interested 


in determining the optimum terminating re- 
sistances, we can now introduce the condition 
Rif ro fs 
К = Ў 
2\Ritro Rr, 


(11) 
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which gives the optimum value of R; for a fixed 
value of Ri, and arises from (10) by the usual 
matching condition because the first member of 
this equation is independent of Rs. 

With this condition, the output current and 
the loss can be expressed in terms of №; only: 


E2 
= 1 as 
A=} log TRI 


Е Ty fo ts 
-log TH log (te e) 


_ fo fs 2 
| (eg) ` 


(12) 


The optimum value of Ri is now found by 
equating the derivative of (12) with respect to 
R, to zero; this results in an equation of the 
third degree, 

2,2 
Ri —3ry,R,—4 223. =0. 


Tot rs (13) 


Introducing notations p= (ror), a=(rs/ro)!”, 
and cos gy=tanh (2 tanh o), this equation 
becomes 


3 
(2) xg. cos e —0, (14) 
p p 
and its only positive real root is 
Ri = 2p cos $- (15) 


In practical cases, modulators are only slightly 
dissipative, and о is a small quantity. As a 
first ápproximation, cos e—0, e—7/2, cos (¢/3) 
=cos (7/6) = 43/2, and R,=pV3=1.73p. In the 
opposite case, for strongly dissipative modu- 
lators, «—1, cos e—1, ¢=0, cos (e/3) 21, and 
Ri-—2p. It is easily shown that the optimum 
value of R, always lies between these extreme 
values. 

Similar results are obtained for Rə from (11), 
which can be rewritten 


= Ri 
© (Ri/p)?=1? 


and gives з = рү3/2 = 0.87р in the case of small 
dissipation, and R$—2p/3 —0.66p in the case of 
high dissipation. 

For an ideal modulator terminated by opti- 
mum resistances, a=0, the second term of (12) 
vanishes, and the loss of the modulator is 


К» (16) 


log т/у2=0.8 neper=6.95 decibels. To get a 
practical formula taking into account. а small 
dissipative loss, the approximation must be 
carried one step further by expanding the first 
two terms of (15) and (16) into a series. This 
gives 


i+ a, 


R 


5 58-3- Da, (17) 


A — log vt Ba. 


As practical formulas for slightly dissipative 
modulators, we thus have 


Ri=1.73p, | 
R2=0.87p, Р 


А = 6.94.3-15.02a decibels. | 


(18) 


The effect of the infinite output impedance on 
unnecessary products is thus a diminuation of 
the optimum impedances (more strongly at the 
filter side), and a reduction of 3 decibels in loss. 


2.3 INPUT-LEAK BLOCKING CIRCUIT 


In a bridge modulator circuit operating be- 
tween constant resistances, the dominant part 
of the output current is the input leak, i.e., the 
component having the unmodified frequency of 
the generator. Consider, therefore, the effects of 
eliminating the input leak by means of a narrow- 
band elimination filter in the output: circuit. 
When the frequency of the generator is very low 
compared to the carrier, this band-elimination 
filter is sufficiently approximated by a simple 
series capacitor. 

The circuit will be idealized as follows: 


A. The input impedance Zi is a constant resistance Ry. 


B. The output impedance Zə is a constant resistance Rs, 
except at frequency f, where it is infinite. 


The analysis begins as in the preceding para- 
graphs, but the output current 72 may now con- 


: tain all frequencies except f. Thus, (9) must be 


replaced by 


, е! —?'% = Rete, 
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at any frequency except f. Introducing an un- 
known voltage v of frequency f, we can write at 
all frequencies including f, 


е! — "49 = Ris v. 


Solving formally for 72 and equating its f com- 
ponent to zero, v is determined and tz can then 
be found. It is apparent that the amplitude J, 
of the f+ F component of 2; is obtained from (10) 
as in the preceding circuit, and all the subsequent 
derivations are thus valid. An important fact is 
therefore brought to light, namely, that the 
3-decibel gain over operation between constant 
resistances is already obtained by the elimination 
of the input leak. The elimination of other un- 
necessary products from the output circuit does 
not reduce the total power lost, but only pro- 
duces a different distribution of the losses be- 
tween the input and output circuits. 


2.4 OPERATION BETWEEN Two FILTERS 


We now suppose that 41 is a resistance R; at 
frequency f and is infinite for other frequencies. 
Also, 7» is a resistance № at frequency f+ F and 
infinite for other frequencies. 

The input and output currents are thus both 
purely harmonic; let us write,* 


11— Г, cos wt, 
and 
i= Ía sin wt. 


The voltage vs across the modulator (Fig. 2) is 
V3 = (41-42). 


The f component of this voltage must be equal 
to e— Ry, and the f+F component to — Ree. 
By introducing the amplitudes, we have 


E Ru eph ee 
2 т , 
(19) 
m mn fey, ferr, 


This set of equations is quite similar to the 
usual formulas for a symmetrical 4-pole net- 
work in terms of its self-impedances and transfer 
impedances. 

The optimum terminating resistances, iden- 
tical in this case to the image impedances, and 

* It can be shown that a component like 7 cos & cannot 


be generated if the input current is to be of the form 
assumed. 


the attenuation constant, can thus be deduced 
by conventional network theory. They are found 
to be 


Ri=R ке" (в 
12 42 — = Nx i ; 


2 т?\%-Е?» 
4 Й 211/2 (20) 
шш 1132778 : 
A =tanh L (гє) | 
Introducing the notations p= (r:o), A=2 


tanh a, а= (r./r;)!?, (20) may be written іп a 
simpler form: 


cosh A =~ cosh Ao, 
2 (21) 


К tanh А„=р tanh A. 


The first conclusion is that for an ideal switch 
(r,—0, r,— ©) the image impedances become 
infinite and the attenuation constant becomes 
cosh 7/2 = 1.02 nepers = 8.9 decibels. Since 
matching to an infinite impedance is impossible, 
the insertion loss will always be infinite. This is 
easily explained by the fact that operation of 
the modulator is then impossible, since the input 
and output currents must be equal during the 
open-circuit period of the switch, which condi- 
tion cannot be presumed to hold for currents of 
different frequencies. 

Thus, assuming a slightly dissipative modu- 
lator, we-get as a second approximation 


та? (22) 


(2-1) 


leading to.the practical formulas 


Ro—RQ-0.395, | 
А =8.9+-22.6a? decibels. 


А = cosh^! at 


(23) 


It may be worth while pointing out that, for 
a strongly dissipative modulator, (21) are re- 
duced to 


A=log = PN 

оку+ (24) 

R=p. 

2.5 OPERATION BETWEEN FILTER AND INPUT- 
LEAK-BLOCKING CIRCUIT 


From a practical point of view, the preced- 
ing circuit is inconvenient because of its high 
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impedance and difficulty of control. In Section 
2.3, it was noted that an input-leak-blocking 
circuit produces to a certain extent the same 
effect as a filter; we shall consequently try to 
replace the output filter of Section 2.4 with such 
a circuit. 

Let us introduce the following hypotheses: 


A. 2, is a pure resistance Ri at frequency f, and infinite at 
other frequencies. 


В. 2, is a constant resistance Rs except at frequency f, 
where it is infinite. 


The voltage v3(¢) across the modulator is now 
simply divided between the output and the input 
impedances, the input taking the f component 
and the output the remainder. Thus, 


r($1 — is) =e — Ri Rats. 


Solving for iz, replacing r by (1), and eliminating 
the u function from the denominator by means 
of conjugate multiplication, we get 


Е (eI en)eu[n кака (Rit ROSE Tena | [a(R Ry) ери 


3. Theory of Resistive Ring Modulator 


With the approximations discussed in the in- 
troduction, the ring modulator represented in 
Fig. 3 is equivalent, during a half period of the 
carrier, to the lattice resistive network of Fig. 4, 
and during the next half period to a similar 
resistive network with ғ, and rs interctamged, 


Ер. 


Fig. 3—Ring-type modulator. 


'The ring modulator may consequently be re- 
placed by a fixed lattice resistive network fol- 
lowed by a periodic phase inverter. An ideal 
modulator (r, —0, = ©) is reduced to the phase 
inverter alone. The ideal transformers shown in 


їз = 


"+ (9 


Tots 


(25) 
*) Ret Ri 


The first two terms are merely of frequency f, whereas the third term has no f component. Since 
ig cannot contain an f component, the first two terms cancel each other. Dropping these terms, 
solving for 4, and taking the amplitude of the f+F component, we get 


E 


Tos 


I» == 
The loss is 


Е? 
= 1 с ЕЕН 
A=} log TR RT 


ГА 30 о) [Reta (retro) ] 7 $00 — 


n КК (е) (Еа) rors 


= 1095 log 


Apart from the first constant term, this is iden- 
tical with the formula for the insertion loss of 
a symmetrical 4-pole network having an image 
impedance p-—(r4)'? and a transfer constant 
,—2 tanh-! o. Thus, (24), obtained in the pre- 
ceding case for largely dissipative modulators, 
becomes 
Ri=R2=p, | | (27) 
А =3.92+17.4a decibels. 


(ro— 7s) (К.К) 


n) | 2 


Fig. 4—Lattice-resistive network, equivalent, during 
one-half cycle of the carrier, to Fig. 3. During the second 
half cycle, r, and r, are interchanged. 
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Fig. 3 are only provided to supply the carrier 
voltage, and will be supposed to have 1:1 ratios. 

Using the periodically discontinuous function 
u(t), the equations of a phase inverter (Fig. 5) 
are obviously 


(0) = BE (28) 


vi(t) = u(t)vs(t), 


and are similar to the equations of an ideal 
transformer having a ratio и, which is a function 
of time. 


aN 


2 
! pq у, 


Fig. 5—Equivalent circuit of an ideal ring-type modulator. 


If a phase inverter is connected between a 
generator of voltage Ecos wt with internal re- 
sistance R and a matched receiving resistance R, 
the output voltage will be 4Eu(® cos wt. Using 
the Fourier expansion (2) of u(t), the output 
voltage appears to contain the angular fre- 
quencies zQ4-«e (where n is odd). If only one 
of the main products, e.g., 6=Q2-+a, is considered 
as useful, the loss in nepers of the ideal modulator 
is easily found to be 


A=log 5 


2 
— 0.45 nepers 09 


= 3.91 decibels. 


Consider now the lattice network of Fig. 4. 
Its image impedances are 


p — (rors), (30) 


and its image attenuation in nepers is given by 


A,=2 ќапһ а | 


23 tanh-t (ry; yi (31) 


Since a is usually a small quantity, A, in decibels 
is approximately given by 
A,=17.4a. (32) 


The optimum terminating impedances for a 
ring modulator working between pure resistances 
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are thus Rı = R:=p, and the attenuation for the 
sideband considered is 


А —3.92--17.4a decibels. (33) 


Since a phase inverter may be interchanged 
with any 4-terminal resistive network, the pre- 
ceding results obviously hold good in more gen- 
eral cases, provided that at least one of the 
terminating impedances is a pure and constant 
resistance. 

The results are quite different for a ring modu- 
lator connected between two filters. Only the 
approximation of "ideal filters," having very 
low or very high impedance for unwanted fre- 
quencies, leads to simple formulas. Suppose that 
the modulator is working between impedances 
Zi and Zs. We shall distinguish between the 
following cases: 


Zı=R; at the signal frequency f, and is 
infinite for other significant fre- 
quencies. 

Case 1 . 

Z= Rs at the useful sideband f+ F, and 
is infinite for other significant 
frequencies. 


Zi1-same as in Case 1. 


Case 24 2° = Rs at the useful sideband f+ F, and 
is zero for other significant fre- 
quencies. 


Case 1 is approximated by a modulator con- 
nected between two midseries-terminated filters. 
The opposite case 1', where both filters have 
midshunt terminations, may be deduced from 
the first by means of the duality principle, and 
will therefore not be considered. In Case 2, the 
filters have inverse terminations. Case 2', where 
Z1 and Z would be interchanged, is not distinct 
from Case 2, as is indicated by the reciprocity 
theorem. 

The theory of Case 1 is in all respects similar 
to the theory developed for the bridge modulator 
between the. same terminations (Section 2.4). 
'The imáge impedance and attenuation are 


(34) 
А = cosh-1 (5 'cosh 4.) . 
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For an ideal modulator (4,—0), the minimum 
attenuation is cosh (7/2) = 1.02 nepers, and the 
image impedances are infinite. This result has 
been found by Caruthers! and Кгиѕе,° and is 
easily explained by the fact that the first equa- 
tion in (28) cannot hold with currents 71 and £s 
of different pure frequencies. 

A similar result is obtained for Case 1’ with 
the same formula for A and the inverse imped- 
ances; 


(35) 


giving zero image impedance if 4, —0. 

When A,=0, a match is possible in both 
Cases 1 and 1’, but the attenuation as given by 
(7) is always larger than that which can be ob- 
tained between inverse terminations (Case 2). 
See Fig. 6. 


55. Kruse, "Theory of Rectifier Modulators,” Thesis; 
Stockholm, 1939. 


А IN NEPERS 


Ag IN NEPERS 


Fig. 6—Attenuation of a resistive-ring-type modulator: 


A. between inverse ideal filters; sinh A = - sinh A). 
B. between resistances; e^ — Зем. 


С. between similar ideal filters; cosh А = $ cosh A,, 
where A, = 2 tanh™ (r,/r;)!^. 


The analysis of Case 2 is easily carried out by 
writing the equations of a ring modulator in 
terms of the instantaneous currents and voltages. 
They are 


vi(f) =p coth A,ii(t)— ЕД One, 


and 436) 


v(t) = Fak AMO) — p coth Ais(I), 


and are deduced from the usual equations of an 
attenuator having image parameters p and A, 
by simply multiplying the transfer impedances 
by u(t), which gives the periodic phase reversal. 
Due to the nature of the terminating impedances, 
the output voltage and the input current are 
purely harmonic: 
v(t) = Va cos ot, and  à(f) = sin ot. 

Introducing these values in (36), vi(f) and 420) 
may be calculated. Since we are only interested 
in the amplitude V; of the f component of vi(?), 
and in the amplitude Г» of the F+f component 
of 42(0), they will be calculated using the expan- 
sion (2) of u(t). Rearranging the results, the two 
relations between the amplitudes are 


ERE EN 4 1 Я 
digna 1G sinh 3, tinh а.) 
2 p 
Se 37 
Ар 
-2_ di ея 
V= sinh FEL p cotanh 4,Г. 


These are standard equations for a 4-terminal 
network; the image parameters are easily ob- 
tained by the usual network theory. They are 
found to be 


К. = р tanh A, coth A, 


Rs;— p tanh A coth А,, (38) 


A —sinh^t G sinh а.) : 


For an ideal modulator (4, 0), A is also zero, 
and the ratio R:/Rı has the value 7?/4. This 
has been found by Caruthers. For a slightly 
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dissipative modulator, (38) becomes approxi- 
mately 


Ri=—p, 


т 
Кь=7 р, (39) 


= A =54, neper or 27.2a decibels. 


In Fig. 6, the attenuations of Cases 1 and 2 
are compared; when A, is large, (34) and (38) 
become 

A=log 2+4., 
og zt (40) 
Ri =R2=p. 


These are identical to the formulas dealing with 
modulators placed between pure resistances. 


4. Experimental Results 
4.1 EFFECT oF IDEAL FILTER TERMINATIONS 


The transmission loss of a bridge modulator 
has been measured under different terminating 
conditions. very closely approximating the as- 
sumptions of the theoretical analysis of Section 2. 
Fhe same modulator, : 
composed of 4 West- 
inghouse 3-millimeter 
copper-oxide recti- 
fiers, has been used in 
all experiments. The 
carrier voltage was 1.2 
volts at 90 kilocycles, 
i.e., 0.6 volt per recti- 
fier; the signal voltage 
was 0.03 volt at 90.1 kilocycles. The з 
difference frequency, 0.1 kilocycle, was 
taken as the useful sideband. The meas- 
uring circuit is shown in Fig. 7. 

A first series of measurements (Fig. 8, 
‘Curve A) was carried out with purely 
resistive and symmetrical terminations. 
The minimum loss, 12.5 decibels, occurs 
when R;- R$—1700 ohms. 

A second series of measurements was carried 
out with a coil of 80 millihenries inserted in 
series with the receiving resistance. This coil is 
practically a short circuit for the useful fre- 
quency, 0.1 kilocycle, and a very high impedance 
for the other frequencies (90 kilocycles and 
above). According to the theory of Section 2.2, 


£=0,03V 
90,1 KILOCYCLES 


1.2 VOLTS 
90 KILOCYCLES 


the optimum terminating conditions in this case 
are such that Re=R,/2; see (18). To check this 
theoretical result, measurements were made with 
R.=R, (Fig. 8, Curve B), and with Р = R/2 
(Fig. 8, Curve C). In accordance with the theory, 
the second condition gives a lower minimum 
attenuation, and the reduction of this minimum 
as compared to Curve A is actually 3 decibels. 
Furthermore, the difference between the attenua- 
tion of Curves B and C is of the order of the 
reflection loss obtained by terminating Z with 2Z 
(i.e., 0.56 decibels). According to (5) and (18), 
the optimum generator impedance in this case 
must be reduced to 87 percent of the optimum 
terminating resistance, which is 1700 ohms in the 
first case. Since 0.87 1700 =1479 ohms, this is 
confirmed satisfactorily by experiment. 

A final series of measurements was carried out 
by adding a capacitor of 0.1 microfarad in series 
with the generator. This presents a very high 
impedance at 0.1 kilocycle and a short circuit 
for all other important frequencies. The coil in 
series with the output impedance was retained. 
According to (27), the optimum terminating re- 


DETECTOR 
0.1 KILOCYCLE 


РЯ Fig. 7—Measuring circuit for Fig. 8. 


sistances must now be halved; the 
minimum attenuation, as compared 
with the first case, must be re- 
duced by 6 decibels. This was 
confirmed by experiment (Fig. 8, 
Curve D). 


4.2 COMPENSATION OF PARASITIC CAPACITANCE 


The parasitic capacitance C of a rectifier can 
easily be deduced from an impedance measure- 
ment of two identical rectifiers in opposing 
parallel connection (Fig. 9). If alternating volt- 
age be applied, each rectifier successively passes 
and blocks; the other rectifier is simultaneously 
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1000 
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Fig. 8—Transmission loss of a bridge-type modulator 
between various terminations: 


A. between pure resistances №; = 
B. with Z inserted and Р, = Р). 

C. with Z inserted and Р, = R,/2. 
D. with both L and C inserted and R: = R, 


Rs. 


in the opposite condition. Since the forward 
capacitance of a rectifier is small compared to its 
reverse capacitance, while the reverse resistance 
is negligible when shunting the forward resist- 
ance, the mean value of the reverse capacitance 
in shunt with the mean value of the forward 
resistance is obtained. This measurement was 
performed with the rectifier of the preceding 
experiment, and with the same voltage; 0.6 volt 
at 90 kilocycles. The measured values аге 7, = 140 


0.6 VOLT 
90. KILOCYCLES 


Fig. 9—Measurement of rectifier impedance. 


ohms and C = 1300 micromicrofarads. This para- 
sitic capacitance can be considered as shunting 
the bridge modulator. 

An exact compensation of the parasitic capaci- 
tance at all frequencies nF+f requires a shunt- 
reactance dipole including an infinite number of 
elements. A partial compensation is possible, 
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however, if only the generator frequency f and 
the useful output frequency F+f are considered. 
The circuit of Fig. 10, of the type first suggested 


і 4 MILLIHENRIES 


с 2E 1300 MICROMICROFARADS 


l 1900 MICROMICROFARADS 


Fig. 10—Compensating circuit for parasitic capacitance. 


by Clavier and Denis, has been used. The whole 
circuit, including the parasitic capacitance, has 
a parallel resonance at 90 kilocycles and a suffi- 
ciently high impedance at 0.1 kilocycle. Its 
effect on the loss of a modulator working between 
equal pure resistances has been measured and 
can be seen by comparing Curves A and B of 
Fig. 11. Curve A is identical to Curve A of 
Fig. 8, and gives the performance of the original 
modulator; Curve B is the attenuation of the 
compensated modulator. The accuracy of the 
compensation has been checked by adding to the 
compensated circuit an external capacitance of 


16 N xi 
^ h 
BS 5 
3 NS Gr 
вм ҰМ > ak Que Lf 
: хез ap" 22 
g 2 ^ 
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Fig. 11—Measured transmission loss of a bridge-type 
modulator between resistances for various values of 7, R, 
and C (see Fig. 12). The circles and dots indicate the 
agreement of the calculated values with the measured 
results. 
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1300 micromicrofarads. The curve so obtained 
coincides fairly well with Curve A. 


4.3 VERIFICATION OF RESISTIVE THEORY 


To check the validity of (7), the forward and 
reverse resistances have been artificially modified 
by incorporating in the compensated modulator 
a séries resistance r or a shunt resistance R 
(Fig. 12), this being equivalent to connecting r 
or R in series or in shunt with each rectifier. 


O3 з 


Fig. 12—Measuring circuit for Fig. 11. 

A large series of measurements has been carried 
out with different values of 7, R, and with termi- 
nating resistances Ау = Re. Some typical curves 
are plotted on Fig. 11, Curves B, C, D, E, and F. 
In Table I, the minimum attenuation and the 
optimum impedance are calculated from (7), 
using the measured value 7,=140 ohms and a 


value of 18,500 ohms for ғо. 


TABLE I 

туе in Е R rd ro! Ropt | Amin 
B 0 co 0.14 | 185 | 3.2 11.5 
C 0 10 | 0.14 6.5 | 1.9 12.6 
D 0 3 0.14 2.6 | 12 14.0 
E 0.1 10 0.24 6.5 | 2.5 13.3 
F 0.2 10 | 0.34 6.5 | 2.95 | 13.9 


All resistances are in thousands of ohms. 
94 =f +r, ro —rnR/(r4d-R);r, = 0.14, and „= 18.5. 
Ropt = 2(r, 7, ))?; Amin =9.94417.4(r;'/r9’)!? dec- 
ibels. 

The calculated results for Ropt and Amin agree 
with the corresponding measured values. To per- 
mit easy comparison, they have been denoted by 
small circles in Fig. 11. 

The value of 18,500 ohms for r, has been 
adopted as that most in agreement between 


measured and calculated values. No direct meas- 
urement of a mean value of the reverse resistance 
is possible, but the usual direct-current measure- 
ment with a small superimposed alternating 
voltage yields values of the same order of magni- 
tude. 


4.4 EFFECTS OF PARASITIC CAPACITANCE 


Starting with the compensated modulator, the 
effect of adding a variable shunt capacitance C 
has been investigated, using the circuit of Fig. 12 
with r=0 and R= œ. Some of the attenuation 
curves obtained are shown in Fig. 11, Curves A, 
С, and Н. The supplementary loss A., due to the 
capacitance, is fairly well accounted for by the 
formula 


A,=3 log [1+(2)'| nepers. (41) 


In this case, where the detected frequency is 
very low compared with the signal and carrier 
frequencies, or in the opposite case where the 
signal frequency is very low, such a formula can 
be roughly established by highly approximate 
theoretical considerations. The general case is 
very difficult. 

For nearly ideal bridge modulators working 
between equal pure resistances, К = Аз = К, and 
if w or Q—w are small compared to Q, an approxi- 
mate expression of the total loss is 


A-log r+ ERE 


2 
) nepers. (42) 
Calculations for the minimum loss lead to a 
third-degree equation, which can be solved trigo- 
nometrically. The optimum value of R is 
1/2 
к= l 
cos 3 


2 
cos o=3(F) ri? (3r). 


(43) 
If the right-hand member of the expression of 
cos e is larger than 1, the cos must be replaced 
by cosh in both (43) and (45). For small values 
of C, (43) gives (5), and for large values of C, 


— 


CO (44) 
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The minimum attenuation is 


e 
T 14-4 cos? = 


1/3r, 3 
A —log Hz) eo? (45) 
cos 5 
which becomes, for large values of C, 
2/8 
A=log (99 . (46) 


Both (43) and (45) agree with measured re- 
sults. For an easy comparison, calculated values 
have been represented by dots on Fig. 11. 
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informed us that: 


Addendum, Vol. 24, No. 1, 1947 
FRANCE-ENGLAND SUBMARINE CABLE (1939) 
AND PARIS-CALAIS CABLE 

On page 26, the following statement is made: 


This is the first cable in which the two 
transmission directions of one 12-channel 
link have been included under a common 
lead sheath; and, so far as is known, it is 
the only cable of its kind in Europe or in 


Bell Telephone Laboratories have kindly 


A layer-shielded cable for opposite-di- 


rectional 12-channel carrier operation was 
installed in Oregon in 1938. The length was 
about 51 kilometers. 


No information on the structure, characteristics, 
or methods used to compensate for cross talk 
has been published on this cable. 


Accuracy of Impedance Measurements 


By B. SECKER 
Standard Telephones and Cables, Limited, London, England 


EASUREMENTS of the impedance 
M of networks are frequently made in 

the telecommunications art. Atten- 
tion is drawn to a number of important factors 
that affect the successful use of impedance 
bridges. For a large number of impedance meas- 
urements, it is unnecessary to know the exact 
value of the impedance, but rather the degree 
of unbalance that exists between the impedance 
under test and some other impedance. Im- 
pedance measurements may, therefore, be di- 
vided into two categories; impedance-unbalance 
measurements and true impedance measure- 
ments. Sources of errors in bridges of various 
types are discussed, and comparisons made be- 
tween different bridges for particular measure- 
ments. Curves show the limits of measurement 
for series- and parallel-resonance bridges, and 
the fundamental balance conditions for different 
types of bridges are derived. 


It frequently happens that the user of an 
impedance bridge is comparatively unfamiliar 
with the principles governing the operation of 
the bridge he is using, and the variety of circuits 
employed in impedance bridges is so extensive 
that a complete education of the user in bridge 
technique would be a process both tedious and 
uneconomical. It is disappointing and exasper- 
ating to the user to be informed, after long and 
laborious measurements, that the bridge he has 
been using either does not cover the range of 
measurement required, or is otherwise liable to 
give inaccurate results. 

Individual bridges have been developed for 
special purposes, and contain compensating cir- 
cuits enabling many sources of errors to be 
ignored over a restricted range of measurement. 
Outside this range, however, such compensating 
circuits often increase the inaccuracy of the 
bridge. It is therefore important, before beginning 
to make measurements, to consider carefully the 
nature of the impedance under investigation, and 
the characteristics of the bridge circuit proposed 
for use. 
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1. Impedance 


Strictly speaking, impedance is an extension of 
the resistance concept embodied in Ohm’s law. 
But, because varying (sinusoidal) currents are 
involved, the impedance of a network is affected 
by its surroundings to a great extent, and it is 
important that these effects should be either 
eliminated or estimated, if accuracy of measure- 
ment is required. 

To get a clear idea of the method of measure- 
ment to be employed, it is essential to consider 
the reason for making the measurement. In 
many cases, the significant information required 
is the unbalance between two impedances. This 
is the case where the termination of a line is 
under consideration. A standard impedance is 
often selected, and all other networks"are ad- 
justed against the standard to keep the imped- 
ance unbalance within certain limits. Such a 
requirement is really an "acceptance" test and, 
if the impedance unbalance can be measured 
directly, it is more economical to do so than to 
make impedance measurements. Direct measure- 
ment, however, may give rise to a number of 
errors which will be discussed later. 

On the other hand, the measurement of im- 
pedance unbalance against a known impedance 
gives very little information on the network as 
an individual piece of apparatus. Precise im- 
pedance measurement, however, will indicate a 
line of action when investigating faults within a 
network. With negative-feedback amplifiers, for 
example, the effect of variations in the feedback 
circuit on the input impedance of the amplifier 
is of importance. Many other cases of this sort 
could be cited in which the essential feature is 
the estimation of the degree of dependence of an 
impedance upon some other factor. The mode in 
which the impedance varies can then be used 
to provide information in the search for faulty 
circuit components. 

It is, therefore, clear that impedance measure- 
ments can be divided roughly into two groups: 
"acceptance" tests, and precise measurements. 
These will be considered in turn in Sections 2 
and 3. 
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2. Impedance Unbalance 


The quantity known variously as impedance 


unbalance, singing point, and. return loss, to- . 


gether with its associated function, the reflection 
coefficient, can be measured directly. The usual 
way is to use an impedance bridge with one 
impedance as standard. Instead of balancing the 
bridge, the unbalance voltage at the detector is 
compared with that due to a pair of impedances 
of known unbalance. 

Most bridge errors result from the various 
constants of the bridge, and a null method nor- 
mally eliminates them when an initial zero bal- 
ance is made. In the unbalance method, this is 
not necessarily so, and the major source of error 
is this lack of compensation. To overcome this 
difficulty, it is usual to define the calibrating 
unbalance at the "acceptance" point. In other 
words, if 26 decibels is the acceptance limit of 
unbalance, two resistors having that unbalance 
are used for calibration. They are, furthermore, 
selected to have approximately the same im- 
pedance as the network under test. In this way, 
the effect of strays is eliminated at the critical 
point. At other points, the errors are not im- 
portant. 

However, such apparatus is highly specialised. 
If there is any doubt as to the suitability of 
enclosed standards of calibration, it is much 
better to make up a pair of external standards. 
In this way, inaccuracy at the critical point is 
almost eliminated. 

The calibrating resistances normally incor- 
porated in impedance-unbalance bridges are such 
as to produce an unbalance of 25 decibels for 
apparatus designed to measure reflection factor 
in 600- and 125-ohm circuits over the frequency 
range of 1 to 150 kilocycles. For apparatus de- 
signed to measure 600-ohm circuits in the fre- 
quency range from 50 cycles to 15 kilocycles, the 
calibrating resistances are usually selected so as 
to produce an unbalance of 30 decibels. It is, 
therefore, important before using any impedance- 
unbalance bridge, first to ascertain the imped- 
ance for which the bridge has been designed and 
the degree of unbalance used to calibrate it, 
and then to determine the effects that may be 
produced by the circuit under investigation, and 
by the oscillator and detector used for the meas- 
urement. 


Formulas covering the oscillator and detector 
impedances, and the coupling coefficients be- 
tween the various windings of the hybrid coil, 
where this method of measurement is used, have 
been published.! If a plain Wheatstone's bridge 
is used for the measurement, appropriate for- 
mulas will be found in Appendix Е, Section IV 
of reference 1. 


3. Impedance Measurement 


Broadly speaking, impedance measurements 
by null methods fall into two sub-groups, one 
being concerned with the measurement of almost 
pure reactances, while the other deals with com- 
paratively wide variations of phase angle. 

The term phase angle is a deplorable one for 
the angle whose tangent is the ratio of reactance 
to resistance, but in default of an equally short 
term for this quantity, it is proposed to make 
use of it. In view of the fact that questions 
affecting wave transmission have no part in this 
paper, no confusion of meaning should arise. 

When dealing with almost pure reactances, it 
is usual to balance or neutralise the large com- 
ponent by an accurately calibrated standard, 
and then to measure the small component as a 
secondary effect. In this way, the errors due to 
impurity in the secondary standard have third- 
order effects on the large component. 


3.1 INDUCTANCE MEASUREMENT 


As a first example, the measurement of in- 
ductance may be considered. In a series-reson- 
ance bridge, a good air capacitor will have a 
small effect on the resistance of the coil under 
test. The effective resistance will be slightly in- 
creased by it, and the total resistance can be 
measured by a resistance box in the other arm of 
the bridge. The self-inductance and capacitance 
of this box will be smafl when compared with 
the reactance of the coil. In this way, the error 
in inductance measurement will be second order, 
and negligible. 

Section 7.1 shows that, if an inductance is 
measured by means of a series-resonance bridge, 
Q (=Lw/R) should be increased by a factor 


ө 
Q +40, 


1 K, S. Johnson, "Transmission Circuits for Telephone 
Communication," D. Van Nostrand, New York, 1929; 
Appendix Е, Section IX. 
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in which @ is the time constant of the resistance 
standard, and ¢ the power factor of the capaci- 
tance standard. 
The series-resonance bridge, therefore, gives a 
value for Q that is lower than the actual value. 
The inductance of the coil being measured is 
given in Section 7.1 as 


1 
L= Cot (1 +R Co) М 


immediately following this it is shown that, to а 
first approximation, 


1 
Q= КСФ : 
so that the factor by which the bridge readings 
must be multiplied is 
8 
0: 

Formulas are derived in Section 7.2 for the 
resistance and inductance of the same coil meas- 
ured in a Maxwell-type bridge using similar 
standards. The magnitude of the errors is the 
same, but the correction due to the power factor 
of the capacitor is negative. 


1+6R,Cw =1+ 


. This bridge, therefore, gives apparent values. 


of Q that are higher than the true values. The 
correction factor is 


0 
1— Q — 0. 


Table I gives the comparative errors intro- 
duced by the two bridges in the measurement of 
a coil for which Q=100. It is assumed that 
¢=0=0.001. 
| TABLE 1 
COMPARATIVE ERRORS IN INDUCTANCE MEASUREMENT 


Correction Factor 


Quantity 
Maxwell Bridge Series-Resonance Bridge 
L — 0.00001 +0.00001 
R +0.1 —0.1 
Q —0.1 +0.1 


Parallel-resonance bridges give similar errors 
to those given by the series-resonance type, i.e., 
the measured Q of a coil is too low. 

From the above discussion, it can be seen that 
even if the bridge network has no strays, has 
perfect ratio (or product) arms, and ideal shield- 


ing, it is possible to get considerable variations 
in measurements with different bridge circuits as 
a result of comparatively slight imperfections in 
standards. 


3.2 CAPACITANCE MEASUREMENT 


In general, two circuits are used for capaci- 
tance measurements. Fig. 3* illustrates both. R 
and R are ratio arms, one of which has a capaci- 
tance C; in parallel. The standards consist of a 
capacitance C and a conductance G in parallel. 
The inductance and resistance of leads are repre- 
sented by L and ғ, respectively, and ¢ is the 
imperfection of the standard capacitor. 

For a capacitance-and-conductance bridge, 
these quantities are differential, the standards 
being changed from one arm to the other to 
obtain balance. Ci is assumed to be zero. 

In the Schering circuit, C1 is used to measure 
power factor and G is assumed to be zero. The 
initial capacitance between the test terminals 
is kept as low as possible by careful shielding. 

Comparing these two circuits, it can be seen 
that the Schering bridge is quite unsuitable for 
measuring capacitances that are balanced to 
earth, as this entails substantial admittances to 
earth from the test terminals. On the other hand, 
the capacitance-and-conductance bridge has no 
such restrictions. 

However, the formulas for the accuracy of the 
two bridges given in Section 7.3 have a number 
of interesting features. 

First, in both bridges there is a multiplying 
factor for capacitance. This can be eliminated by 
calibrating the bridge against external standards. 

Secondly, the Schering circuit requires a cor- 
rection factor C/(C— Со), which is usually nearly 
unity. 

Finally, the stray inductances, resistances, and 
imperfection in the standard capacitor give addi- 
tive errors. These are ¢+70(C+C,) for the 
capacitance-and-conductance bridge, and rCw for 
the Schering bridge; ¢ is the weighted power 
factor of the standard capacitor, and C, is the 
initial capacitance. 

The factor $ also appears іп the exact formula 
for the Schering, but only as the difference be- 
tween the power factors at the two settings of 
the standard. 


* All figures will be found in Section 7, Appendix. 
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It should be noted, in any case, that the 
capacitance-and-conductance bridge has an error 
wrC, in excess of the Schering bridge, and since 
C, is quite large in the capacitance-and-conduc- 
tance bridge, this error is considerable. 

It would appear that for measuring two- 
terminal capacitors, the Schering bridge has dis- 
tinct advantages. It does not have the versatility 
of the capacitance-and-conductance bridge for 
“balanced-to-earth” measurements. 


3.3 IMPEDANCE MEASUREMENT 


Finally, the measurement of general imped- 
ance may be considered. In the cases previously 
discussed, the major difficulty has been to obtain 
the value of a small component of an impedance 
with any reasonable accuracy. The problem 
which now presents itself is the measurement of 
impedance of any magnitude, and the fact that 
reactance is dependent on frequency imposes a 
definite limitation on the range of measurement. 
However, most impedance measurements require 
vectorial accuracy rather than the accurate 
measurement of small components, and this fact 
provides some mitigation of the difficulties asso- 
ciated with the design of impedance bridges. 

The selection of standards for the bridge is 
the most important consideration. Resistance 
standards for the measurement of real compo- 
nents introduce difficulties as a result of their 
frequency characteristics. The pure resistance is 
an unattainable ideal, particularly at the higher 
frequencies. The standards used for the measure- 
ment of reactive components are normally in- 
ductances or capacitances. While it is possible to 
provide fixed mutual-inductance standards with 
constants calculated with great accuracy, and 
suitable for measurements over a restricted fre- 
quency range, such standards belong to the 
domain of primary standards, and their cost 
prohibits their employment in commercial types 
of impedance bridges. Recourse is, therefore, 
generally made to capacitance standards, and it 
is fortunate that first-class capacitance standards 
are easy to obtain. These standards are also 
stable, they hold their calibration, and the іт- 
perfections in the smaller values can be made so 
small that there is now a tendency to use circuits 
that employ capacitors for the measurement of 
resistance values. 


The normal circuits used for impedance meas- 
urement fall into two main divisions: series 
capacitance-and-resistance combinations, and 
parallel arrangements. Further difficulties are 
now encountered. The reactance of a capacitor 
cannot vary continuously from zero, nor can the 
conductance of a resistance box. This means 
that a series combination must start from a false 
reactance zero, and a shunt arrangement from a 
false conductance zero, if an effective zero bal- 
ance is to be obtained. 

The usual way to ensure this is to include a 
fixed capacitor permanently in series with the 
unknown for series measurements, and a fixed 
resistor across the unknown terminals in shunt 
arrangements. The latter can be disconnected 
when measuring, if desired. 

The series arrangement has the advantage that 
the results obtained are in the conventional form 
R+jX. The chief disadvantages are that the cir- 
cuit can be adapted to “‘balanced-to-earth”’ meas- 
urements only with great difficulty, and that 
there is a lack of symmetry about the zero of the 
reactance scale. The curve in Fig. 5 shows this 
effect. It is obvious that a linear scale in capaci- 
tance makes for casy adjustment at the extreme 
positive-reactance end, while at the extreme 
negative portion, adjustment will be almost im- 
possible. In such bridges, therefore, there will 
be an apparent loss of sensitivity as the reactance 
to be measured passes from a negative value 
through zero to positive. If only a single air 
capacitor is used, this effect can be partially 
eliminated by appropriate shaping of the plates. 
If the range of measurement of such a bridge is 
plotted as an area on a plane, the resistive com- 
ponent being horizontal and the reactive vertical, 
a rectangle is obtained, Figs. 7 to 11, which is 
bounded on the right by the maximum value of 
the standard resistance. The horizontal bound- 
aries of the rectangle will depend on the curve 
shown in Fig. 5, and will vary with frequency. 
Figs. 7 to 11 show the bridge limits at frequencies 
of 50, 80, 500, 1000, and 3000 kilocycles. 

In the case of the parallel arrangement, on 
the other hand, capacitance is effectively an 
admittance, and there will be no skewness in the 
capacitance calibration when passing from posi- 
tive to negative angles. However, the range of 
impedance covered has a rather complicated 
boundary. A circle described on the lowest value 
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of resistance in the conductance box is the inner 
limit. The other portion of the boundary is a 
pair of semicircles with points on the imaginary 
axis as centres. These form a series of three arcs, 
at the left of which no balance can be obtained. 
The semicircles are dependent on frequency and, 
therefore, complicate matters when considering 
the range of measurement available. 

Figs. 7 to 11 illustrate these facts in a striking 
manner. They each show at one frequency the 
respective measuring ranges оѓ two comple- 
mentary bridges. One of these is a series bridge 
consisting of a resistance decade of 0 to 100 ohms 
in series with a capacitor having a range of 
1000 to 20,000 micromicrofarads. The offsetting 
capacitance is 5000 micromicrofarads. The other 
bridge has a conductance of 0 to 11,000 micro- 
mhos shunted by +11,000 micromicrofarads. A 
casual examination of these bridges gives the 
impression that practically all of the impedance 
field must be covered, but in Figs. 7, 10, and 11 
the considerable ranges shown shaded are not 
covered by either bridge at 50, 1000, and 3000 
kilocycles. Whatever the quality of the compo- 
nents used on this pair of bridges, the effective 
frequency range is reduced to 80 to 500 kilo- 
cycles, and it is difficult to see how to extend the 
range of such combinations of bridges. 

With regard to inaccuracy, it is enough to 
observe that the chief causes are impurities in 
the resistance and capacitance standards. Sec- 
tion 7.4 shows them as follows: 


For impedances, Z=R+j)X. 
For admittances, Y=G+jB. 


The impurity in capacitance is ФС, and іп re- 
sistance is 70Ё. Then the true values are given by 
X : R 
z-n( i-e) ox (ial) 
and 


y=G( 1-65 )+iB( 1-05 )- 


4. Errors Due to Leads 


In the preceding section, the effect of induc- 
tance and resistance in the leads to the imped- 
ance under test has been ignored. The reason for 
this is quite simple. Reactances can“usually be 
brought to a bridge, but impedances often have 


to be measured in situ. This means bringing the 
bridge to the unknown, and involves considerable 
modifications in bridge design. Usually, a test 
head is used with a long lead back to the bridge. 
A similar lead can then be included from bridge 
to standards. Such a device requires that the 
test head shall transform the impedance to be 
measured into one whose form can be simulated 
by the standards. It is useless to use a parallel- 
resonance method, for example, with the capaci- 
tance and inductance separated by a long lead. 
In these circumstances it is usual to include off- 
setting capacitors in the test head. 

Formulas can be derived for the measurement 
of impedance through a long lead, or through any 
other four-terminal network, but they are not 
popular with users. In general, it is preferable to 
use compensating leads and a test head. 


5. Miscellaneous 


So far, attention has been confined to the con- 
sideration of errors and to the difficulties arising 
from the standards and the leads to them. Other 
factors may now be considered. 

First, ratio and product arms. Errors in these 
can cause considerable trouble, especially when 
reactances are considered. А йіЌегепсе іп phase 
angle introduces a large error in the small com- 
ponent. For example, in a Maxwell bridge at a 
frequency of 750 kilocycles, a ratio arm of 
333 ohms, which has an uncompensated capaci- 
tance of as little as 3 micromicrofarads, can 
change the apparent Q of a coil from a true value 
of 200 either to 100 or to infinity, according to 
the direction in which the capacitance affects it. 

A further point is the question of ‘‘balanced-to- 
earth" measurements. In such measurements, the 
actual capacitance measured depends on the 
admittances of the bridge points to earth. If 
these are large compared with those of the net- 
work under test, an "enforced centre point" is 
obtained. For example, a capacitance C with С, 
and Сз as capacitances to earth from its ter- 
minals, wil have some apparent capacitance 
ranging from 
Ci Cs 


C+] 


with large bridge admittance, to 


СС 


ее, 
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with zero bridge admittance. These are equal 
when the test impedance is perfectly balanced to 
earth; when С, = Cs. 

'The advantages of using inductive ratio arms 
are not generally appreciated. Inductive ratio 
arms permit of a higher degree of balance than 
that obtainable with resistance arms. Further- 
more, by connecting the oscillator to the junction 
point of the two ratio arms (i.e., between points 
B and D in Fig. 6, the potentials at points A 
and C are practically equal to that at B due to 
the fact that the windings of the two ratio coils 
are mutually opposing. This also implies an 
absence of flux in the core, and therefore no 
danger of distortion to the oscillator wave form. 
The potentials at 4 and C must be equal at the 
balance point, consequently practically the entire 
oscillator voltage appears across the unknown, 
making for great sensitivity in the neighbourhood 
of the balance point. 

If point B is earthed and the unwanted ter- 
minals of the network under test connected to it, 
any capacitance between point C of the unknown 
and earth is ineffective, since there is no poten- 
tial across it, while capacitances between point D 
and earth are effectively connected across the 
oscillator, and are equally harmless. Only a single 
reading is therefore necessary, instead of two, 
for the determination of direct capacitance. 

Shielding is also very important for eliminating 
induction and strays. Earthing paths can give a 
great deal of trouble. Wherever possible, it is 
best to earth everything, oscillator, detector, 
etc., via the bridge network. 


6. Conclusion 


It is at once obvious from the foregoing dis- 
cussion that accuracy can be obtained only if 
great care is taken. It has been seen that correc- 
tion factors can have considerable effect on 
results, and it follows from this that direct- 
reading bridges, suitable for semiskilled opera- 
tion, will require considerable compensation. If 
such apparatus is to be reliable, a routine of 
regular adjustment must be set up, such adjust- 
ments being carried out by skilled personnel. 

When a high degree of accuracy is required, the 
less permanent the compensation, the better the 
results. Direct adjustment of the compensating 
circuits by the user is necessary. The measure- 


ment of leads and other relevant factors will 
have to be made individually, and the correction 
factors calculated. It is sometimes of advantage 
to reverse the ratio arms, if possible. The effect 
of direct induction between oscillator and de- 
tector should be assessed by reversing the leads 
between the oscillator and the bridge, and be- 
tween the bridge and the detector. The effect of 
varying the method of earth connection, and of 
changing amplitude of the oscillator input to 
determine nonlinear effects in the test imped- 
ance, should also be studied. 


7. Appendix 
7.1 SERIEs-RESONANCE BRIDGE 


In the series-resonance bridge, shown in Fig. 1, 
equal inductive ratio arms are used. 
The imperfect standard resistance is denoted 
bs ; 
К.(1 +40), 


and the imperfect capacitance standard is de- 
noted by ; 
С(1—7%). 

The unknown is ап inductance Г, with effective 
resistance R. 

The balance condition is approximately 


: 1 ; 
R+jLw +5501 +) = К(1-Е]9), 


8001 + je) 


cu 7 14) 


Fig. 1—Series-resonance bridge. 
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or 


-R 
к=к Co 


LCa? -1-F0R,Co. 


Le 1 /14+0RCo\_ 1 (4,8 | 
cara Ф анон) 


7.2 MAXWELL BRIDGE 


In the Maxwell bridge, shown in Fig. 2, similar 
standards to those of Section 7.1 above are used. 


Then, 
R-F Ljo = G(1 —0) 3-jCo(1 —j9), 


in which R, is written as a conductance G. This 
gives 


R=G(1+¢Q), 


L-c(1-$). 


and 


C(17jg2) 


Fig. 2—Maxwell bridge. 


С(1- ig) RS 


Fig. 3—Capacitance bridge. 


7.3 CAPACITANCE BRIDGE 


Fig. 3 shows a general form of the capacitance 
bridge. It can be used as a Schering or as a 
capacitance-and-conductance bridge by changing 
the method of balancing the conductance. 

To the first order of approximation, 


С, = С(1-Е1,Сш?), 
апа 
G,=Gt+¢CotrCw?+ КС Са. 


The difference in the two types arises from the. 
methods of conductance and zero balance em- 
ployed. 

7.3.1 Capacitance-and-Conductance Bridge 


Initial conditions: 
Capacitance = C,(14-L Cs»). 
Conductance = G,4- $, Coo +r Cle? + КС Соо. 


"Therefore, 


C. 2 (C— C)[1-- Le? (C-- Co) ], 


and 


G,— G— G,--e(6$C — pC) - re? (C! — C2) 
--ROe (C — С). 


Assuming that C1—0 and $— ġo, 
C,= (C— C.)[1+Lw?(C— C) ], 
G.=G—G,+a(C—C.)¢+rw(C?— C$, 
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and 
Power Factor 


1 
~1+Le(Co+C) 


G—G, 
(C— Со 


+o-+ro(C+C) |: 


| 


7.3.2 Schering Bridge 

Initial conditions: 

G=G,=0. 

Capacitance = C,(1+ LC’). 

Conductance = $,C,o +r C2»? -- КС Coo? = 0. 
'Then, 

C, — (C— C)[1-4- Le*(C4- C.) ], 
and 

С. = Co[6 — $,-re(C— С) -eR(C1— 
lf $= ġo, 


C9) ]. 


Power Factor 


RCe(Ci— Cr) |. 
C— C, 


1 
СО) |rco+ 


The normal correction factor is 


G= Ca 


aU = je 


c(1-jø) 


RO + ]ө) 


Fig. 4—Series-impedance bridge. 
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+2 


+1 


5,000 10,000 15,000 
CAPACITANCE IN MICROMICROFARADS 


20,000 


Fig. 5—Measurement of impedance with a series-im- 
pedance bridge, using 1000-to-20, 000-micromicrofarad 
standard capacitor. 

positive limit of X. 
upper limit of measurable range. 
— — — lower limit of measurable range. 


7.4 SERIES-IMPEDANCE BRIDGE 


With the offsetting capacitor as shown in 
Fig. 4, 


Z=R+4jX 


А 1 1 
= (1 6 - — == : 
11459) con 738) EN 


If an initial reading is taken with Z short cir- 
cuited, 


If 0—6,, and $ = $,, and all are small, 
R=(Ri-— Rw) - OX, 
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G(1-j0) 


and 
C— С, 
X= CCo -- R6. 
EY: C, . . " 
The curve Xw= cc 9 shown in Fig. 5, and 


indicates clearly the apparent loss of sensitivity 


at the positive end of the scale. 


7.5 PARALLEL-ADMITTANCE BRIDGE 


This bridge is illustrated in Fig. 6; the zero 


adjustments are straightforward, so 


Y,—G.-rjB. 
—G(1— 50) 3-jeC(1 —j9), 
from which 
G,=G+¢wC, 
and 
B,=wC—6G. 


It is obvious from these two sets-of equations 
that the errors due to impurity in standards 


modify results as follows: 
XV R 
z- n(1- e) ix (140g). 
and 
-cG(1-aB) +; C. 
y-e(1 #8) -ЫВ(1+%5) 


The vector field covered by a typical pair of 
bridges is shown in Figs. 7 to 11 for frequencies 
between 50 kilocycles and 3 megacycles. 
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Fig. 7—Unmeasurable range of impedances, not covered 
by use of either a series-impedance or parallel-admittance 
bridge at 50 kilocycles, is indicated by the shaded area. 
The line of long dashes indicates the upper limit of the 
series bridge, and the line of short dashes the lower limit 
of the parallel bridge. 


Fig. 8—Same as Fig. 7, but measured at 80 kilocycles. 
Shown on opposite page upper left. 


Fig. 9—Same as Fig. 7, but measured at 500 kilocycles. 
Shown on opposite page lower left. 


Fig. 10—Same as Fig. 7, but measured at 1 megacycle. 
Shown on opposite page upper right. 


Fig. 11—Same as Fig. 7, but measured at 3 megacycles. 
Shown on opposite page lower right. 
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Heating of Radio-Frequency Cables 


Ву W. W. MACALPINE * 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


EATING of radio-frequency cables is 
developed in this paper on basic phys- 
ical phenomena. Only the simplest 

physical or mathematical assumptions are made, 
and the mathematical details are worked out 
with the physical picture in mind. Consequently, 
it will seem to some readers that many of the 
steps could have been bridged by the direct 
application of results of the usual methods of 
analysis. However, this would make the paper 
less intelligible to others, and would dull the 
over-all physical picture. The general treatment 
of such problems has been developed by J. B. J. 
` Fourier! (1768-1830), and by numerous others 
in works on partial-differential equations as 
applied to such subjects as heat, sound, and 
electricity. 


ri 

The power-handling capacity of a radio-fre- 
quency cable or transmission line is determined 
by the maximum voltage that the dielectric 
(whether air or solid) can withstand continuously 
without breakdown, and the maximum tempera- 
ture rise that the components of the cable can 
withstand without chemical deterioration or sig- 
nificant physical change. The problem of heat in 
radio-frequency cables is discussed here with 
particular reference to the solid-dielectric coaxial 
type. The problem resolves itself into two parts; 
the electrical one in which the generation of heat 


is determined with respect to location and in- 


tensity, and the thermal one concerning the re- 
sulting temperature rise at each point in the 
cable and the dissipation of heat. The heating of 
the cable by external sources is also of impor- 
tance. 

In general, investigation of the steady-state 
conditions is sufficient, as the maximum tem- 
perature rise is of principal importance. How- 
ever, in the case of pulsed transmission or keying, 
the steady state is composed of a succession of 

* Formerly of Federal Telephone and Radio Corporation, 
Clifton, New Jersey. 

1T. B. J. Fourier, “Analytical Theory of Heat," 1822. 


English translation by À. Freeman, Cambridge University 
Press, Cambridge, England; 1872. 
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transients, all such transients usually being as- 
sumed to be identical in character and repeated 
at a constant rate. The temperature rise then of 
importance is the highest during any one pulse. 


1. Symbols 


The symbols listed below appear more or less 
generally throughout the paper. Others used 
briefly are defined where introduced, if their 
identities are not obvious. Unit length may be 
assumed to be 1 centimeter, and unit tempera- 
ture difference, 1 degree centigrade. Subscripts 
1 and 2 refer to the inner and outer conductors, 
respectively, while subscript р refers to the di- 
electric. All logarithms are to the base e= 2.718. 


1.1 MECHANICAL SYMBOLS 


Ai = cross-sectional area of inner conductor. 
Аз = cross-sectional area of outer conductor. 
m-—mass of conductor per unit volume (den- 
sity). | 
т. = mass of dielectric per unit volume (density). 
r=radius of a point in the dielectric core. 
т —outside radius of inner conductor. 
*s— inside radius of outer conductor. 
73 inside radius of jacket. 
7, —radius of outside surface of the cable. 
x=distance along cable, measured toward the 
load from a voltage maximum of the stand- 
ing waves (midway between adjacent volt- 
age minimums). 


1.2 ELECTRICAL SYMBOLS 


C-capacitance in farads of unit length of 
cable. 
e = dielectric constant of cable core. 
E-root-mean-square voltage at any location 
in cable. 
Ea=root-mean-square voltage of forward-wave 
train. 
E,-root-mean-square voltage of back- or re- 
flected-wave train. 
Ew —root-mean-square voltage at crest of stand- 
ing wave. 
Е. =гоої-теап-ѕдџпаге voltage at trough of 
standing wave. 
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Ena —root-mean-square voltage when standing- 
wave ratio — 1.0. 
e=instantaneous voltage (subscripts same 
as for E above). 
f=frequency in cycles per second. 
4=instantaneous value of current (sub- 
scripts as for E). 
I =root-mean-square current at any location 
in cable (subscripts as for E). 
І, =root-mean-square current flowing radially 
in dielectric core. 
A-electrical wavelength of cable in centi- 
meters =3 X101°/fve. 
(pf) =power factor of the dielectric. 
у = 4тх/\. 
R,=resistance per unit length of inner con- 
ductor at frequency /. 
Р, =геѕіѕќапсе per unit length of outer con- 
ductor at frequency f. 
(swr) =standing-wave ratio= Eer/ Ex. 
w= 2т]. 
W —net power delivered by cable to load. 
Zo-—surge impedance of cable. 


1.3 THERMAL SYMBOLS 


&=effective total emissivity (radiation and 
convection) of outer conductor acting 
through the jacket; in calories per second 
per unit area of outside surface of cable for 
unit temperature difference of outer con- 
ductor above ambient. 

& — total emissivity of outside surface of cable; 
in ealories per second per unit area of sur- 
face for unit temperature difference of the 
surface above ambient. 

 k,— heat conductivity of conductor; in calories 
per second flow across unit cross-sectional 
area for unit temperature gradient normal 
to the cross-section. 

Е, = heat conductivity of dielectric core material; 
in same units as ke. 

k,=heat conductivity of jacket material; in 
same units as ke. 

q=rate of heat generation or flow; in calories 

- per second. | 
q-4i—qicosy-rate of heat generation on 
inner conductor; in calories per second per 
unit length. 


@2=q2— 92 cosy rate of heat generation on 
outer conductor; in calories per second per 
unit length. 


qp=q +4; cos y —rate of heat generation in а 
section of dielectric; in calories per second 
per unit length of section. 

Se=specific heat of conductor material; in 
calories per gram per degree temperature 
rise. 

5,-—specific heat of dielectric core material; in 
same units as $e. 

“u=temperature at any point referred to an 
arbitrary zero, which is usually the ambient 
unless otherwise indicated in the context. 
(For subscripts see paragraph below.) 

ио = ambient temperature. 

U= maximum value of temperature rise when 
u= U cos y. (For subscripts see paragraph 
below.) 

„U = coefficient of the nth term of a series. 


In order to specify the location of a tempera- 
ture, or temperature rise u, and the heat source 
that causes the rise, the following system of 
subscripts and primes is used: The first subscript 
numeral or letter refers to the location of the 
temperature rise, while the second refers to the 
source of heat generation causing the rise. When 
a single prime is used, the rise is due to the part 
of the heat generation which is uniform over the 
length of cable in the vicinity of the point in 
question. A double prime refers to the rise due 
to the part of the heat generation which is a 
function of x or y. Thus, 


илз =тіѕе of inner conductor due to heat gen- 
erated on outer conductor. 

изу = risc of outer conductor due to qi. 

u^ —rise of dielectric due to qf. 

Uy=maximum temperature of inner conductor 
due to gf. 


2. Electrical Problem 


Although the losses in a cable cause both 
attenuation and the generation of heat, in most 
practical cases the attenuation per half wave- 
length is so small that for present purposes it 
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can be neglected in writing the voltage and 
current relations of the transmission line. The 
line then carries a "forward" wave traveling 
from the source toward the load, 


=VIE, cos (at мх), (1А) 


= ү21, cos (2а), (1B) 


and a “back” or reflected wave traveling from 
the load toward the source, 


еъ= VE, cos (ооа), (1С) 
ty= —V2I, cos (2а), (1D) 
where 
Ta == а, ? 
Ea/Zo | (1Е) 
1ь= E Zo, 


and x is the distance along the transmission line 
measured from a voltage maximum to the point 
in question, x being positive toward the load. 

These voltages and currents and their result- 
ants are shown in vector form in Fig. 1. The root- 
mean-square values of the forward and back 
voltages E, and E; are related to the crest and 
trough voltages of the standing waves along the 
line by — 


— Е.+Еь, (2A) 
Eg -—E.— Es, (2B) 
—$(Es-- Ev), (2C) 

E = 3(ELa— Ex). (2D) 


In the generation of heat in the cable, the squares 
of the resultant root-mean-square voltage and 
current are important. By plane geometry, the 
diagrams show that 


Е?= Е+Е24-2Е,Е, cos y, 
В=п+Һ%—2Ь1Ь cos y, 
where y = 4zx/ \. 
The power flowing toward the load is. E? YA 


and that flowing away from the load is E2/Z,. 
Then, the net power delivered to the load is 


E; те Е? m Е.Е 
Zo Zi 


(3A) 
(3B) 


W= 


(4A) 


Fig. 1—Voltages and currents on transmission line: 
y —4xx/A, where x is measured from a voltage maximum. 
Each angle marked with an arrow is //2. Time is t=0. 


If the line were ‘‘flat,”’ then Е. = Епа апа Еъ=0, 
50 


2 
W= Паб 


Zo 9 


For the same power іп (4A) and (4B), there 


results 
Eo = Ей (swr) 


Eas 
A(swr)' 


where Е,./ E = standing-wave ratio. Whence 


Basf ү 


апа (4С) 
Еһ = 


Ea= A(swr) mes mu 


Ec He 


and similarly for Ia and Гь. 

The power loss in the cable originates in the 
conductors and dielectric, these losses being pro- 
portional to J? and E?, respectively. The average 
total power loss over a half wavelength is pro- 
portional to E24- Ej. Consequently, for the same 
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power to be delivered to the load when the cable 
has standing waves as for a “flat” cable, 


Power loss 


Loss for "fat" cable~ =з evo ew cole SE) 


when the loss is small. It will be shown that the 
average temperature rise of each conductor, and 
that of the dielectric, is proportional to the power 
loss. Thus, the average rise of a cable with stand- 
ing waves is to that of a "flat" cable as the above 
ratio of power losses. For example, compared to 
the attenuation and average temperature rise of a 
"flat" cable, these values must be multiplied by 
1.25 for (swr) =2.0, and by 2.125 for (swr) =4.0. 

Fig. 2 shows the voltage and current waves E 
and I when (swr) =4.0, and also the squares, E? 
апа 1°. Note that whereas E2,,— 1.00, the maxi- 
mum Æ? is 4.0, and similarly for 7?. Thus, there 
are localized power losses of four times the uni- 
formly distributed loss in a "flat" cable. 

'The rate of generation of heat on the surface 
of the inner conductor, in calories per second 
per unit length, is 


9 =0.24Г2Р;, (5А) 


and for the inside sur- 
face of the outer con- 


ment in the dielectric, the capacitance per unit 
length is 


(.0885e X 10? farads, 


where e=dielectric constant. With a radio- 
frequency current 7, flowing through the dielec- 
tric between inner and outer conductors, the 


ductor, 
d» —0.24I*R,, (5B) 


where Rı and œR: are 
the resistance per unit 
length of the respec- 
tive conductors at the 
frequency w/2r. 

For computing the 
heat generated in the 
dielectric, the cable is 30 
considered to be a ca- 
pacitor with coaxial 
cylindrical plates of 


40 


Avg I*sAvg E": 2125 


radius 7, for the out- hor" нан" 100 
side surface of the in- ò 
ner conductor, and ғ о 
for the inside surface о 


of the outer conductor. 
In Fig. 3, for a coaxial 
cylindrical shell or ele- 
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Fig. 2—Standing waves E and I (upper chart) and their squares E? and J? (lower 
chart) for a cable with standing-wave ratio —4.0. Arbitrary units are used which make 
Enat=1.00 and Гь, = 1.00 for same power delivered to the load. 
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ААА d 


voltage across the cylindrical shell will be 


I, 10" dr 


ФЕ= 000885007 


Integrating between the limits 7; and rs 


_1,10°? log (rs/r) Г. . 


ar 27 X0.0885e wl’ 


where C is the capacitance in farads per unit 
length of the coaxial cable. The rate of heat 
generation in the cylindrical shell in calories per 
second per unit length is 


0.24(pf)eCE? dr 


ОЕ pae S T 


, (6) 
this being an incremental or infinitesimal quan- 
tity because the volume of the shell is infini- 
tesimal. If this quantity is integrated between 
rı and ғ, the total heat generated in a unit 
length of the dielectric is 


dp = 0.24(pf )eCE?. (7) 


3. Thermal Problem“ 


It will be observed in the discussion below 
that the equations for heat flow are linear, since 
they involve only constants and the first power 
of the temperature 4, and of its derivatives, and 
no products of such terms. Therefore, the prin- 
cipal of superposition may be applied, just as in 
electrical problems. That is, if a source of heat 
is divided into two parts, or if there are several 
sources of heat, each source may be treated 
separately and the resulting temperature rises 
may then be added. 

Heat flow is completely analogous to electric 
current; temperature difference, to potential dif- 
ference; and thermal conductivity, to electrical 
conductivity. 

In most practical cases, heat may be con- 
sidered to flow only axially along the inner 
conductor. Although it flows both axiall and 
radially in the outer conductor, usually the radial 
temperature gradient is negligibly small. This is 
due to the small radial dimensions of the conduc- 
tor compared to the thermal wavelength of the 
cable (which is half the electrical wavelength). In 
a 7-strand inner conductor, however, each of the 
6 outer stands will be heated equally, and uni- 
formily over their cross section at any point, 


because of their small diameter and high con- 
ductivity. The central conductor, or 7th strand, 
is heated only by conduction (which may be 
relatively poor) from the outer conductors. It 
thus forms a shunt path for the heat, and the 
over-all conductivity will be somewhat poorer 
than the ideal. 

In the dielectric, on the other hand, the prin- 
cipal flow of heat is radial. The axial flow is 
usually much less than that in the copper, be- 
cause the thermal conductivity of the dielectric 
is usually much lower than that of copper. The . 
flow begins to deviate appreciably from the 


radial direction only when the thickness of the 


dielectric becomes an appreciable fraction of a 
thermal wavelength. However, in this case the 
radial thickness is also an appreciable fraction 
of an electrical wavelength, and the cable is in 
the transition stage between a transmission line 
and a wave guide. The assumption that the 
electric flux is radial no longer holds. In the 
thermal problem, the heat flow is normal to the 
isothermal (or equal-temperature) surfaces, and 
in the electrical problem, the electric flux is 
normal to the equipotential surfaces. While the 
principal heat flow in the dielectric is radial, and 
most of the equations are derived on this basis, 
correction terms are developed later to take care 
of the axial flow. Generally, the flow may be 
considered to have circular symmetry about the 
axis. This will not be quite true if the cable is 
attached to a surface so the dissipation at the 
outside jacket does not have circular uniformity, 
or if there is uneven heating of the surface by 
the sun or other source of radiation. Gas-filled 
lines тау have the circular symmetry as well as 
the axial flow appreciably modified by convec- 
tion. 


4. Equations of Heat Flow 


In the conductor of Fig. 4, which may be 
solid, tubular, or stranded, but of equivalent 
thermal conductivity ke and cross-sectional area 


leas 
v. 


Fig. 4—A portion of the conductor. 


HEATING OF RADIO-FREQUENCY CABLES 89 


A, the heat may usually be considered to be 
flowing axially, as stated above. At a plane 
normal to the axis, or x coordinate, heat flow 
per second in the direction of increasing x is 


du 


q= -k AT, 


(8A) 


where du/dx is the temperature gradient. At 

: . du du 
x-+Ax, the temperature gradient is dx dM 
The heat flow entering the element Ax through 
the conductor is the sum of that flowing into it 
across the surfaces х and x--Ax, or 


2 
Aq= paruus 


dx? (8B) 


This axial heat flow 
into the element, plus 
the heat generated 
therein, is equal to the 
radial flow out of its 
surface under steady- 
state conditions. In the 


and the flow into the element at r-- Ar is 
Ou, , 0n, 
b, (r--arj atas (Hi ear) . 


Then the net radial flow into the element, neg- 
lecting the small second-order quantities is 

Gitta Lely), 
or? ғ дт 


bts (11B) 
In the third perpendicular direction, the flow 
into the element is 


л O1 Ou, | 9 ди, 
karant Aris (2 72926 
192и 
= Ё›АтАх— 3 Tr 


A6. (12) 


case where equilibrium 
or steady-state condi- 
tions have not been es- 
tablished, there must 
be added the rate of 
heat storage within the 
element. This latter is 


du 
Aq= semeA Ах, (9) 


where se is the specific heat or thermal capacity, 
and m, is the mass of the conductor per unit 
volume (density). 

In the dielectric of Fig. 5, the heat flow at a 
point with coordinates r, 0, and x, may be re- 
solved into three mutually perpendicular direc- 
tions. The net flow along the axial direction into 
the element shown 1s 


2 
9 “> Ax. 


A0 
k,rA0AT Эх 


(10) 


The heat flowing into the element radially at 
the radius 7 is 


Ou 
kyrA0Ax 355 


(11A) 


VIEW ALONG AXIS 


SIDE VIEW 


Fig. 5—An element in the dielectric. 


The total heat flow into the element is then 


19%и, 
7? 90? 


2. 2 
лак Up 1ди› д Hp y 


Or? т дт Ox? Jarasae. 


(13A) 


The quantity in parenthesis is the Laplacian, or 
the divergence of the gradient of u, expressed in 
cylindrical coordinates. In the case of circular 
symmetry, 22и,/90 —0, and A@=2r. Also, in the 
event of negligible axial flow, 0?u,/8x?-0 for 


` practical purposes, and 


1 ди 


Ж ^u, , 1 
E Te or Jaras. (13B) 
This heat flow into the element plus that gen- 


erated therein by dielectric heating is equal to 
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zero in the steady state, while in the transient 
condition, | 


Aq=SpMp tors ӨАғАх. (14) 

At the boundary between dielectric and inner 
conductor, the heat flow into the dielectric is, 
for circular symmetry, 


d (15A) 
Or |+, 
and at the outer conductor, 
bur Ax (15B) 
gr ar ЗЫ | 


When no heat is generated in the dielectric, 
and under steady-state conditions with heat 
assumed to be flowing only radially through the 
dielectric from inner to outer conductor, the 
flow per unit axial length has the value, inde- 
pendent of r, 


Separating the variables u and r, and integrat- 
ing between 7, and any radius r, such as 7», 


"m 2тЁь Gees 
log (r/n) ^ "» 
27Р, de) 
~ log (т»/т\ [ос i-th). 


It follows that the temperature in the dielec- 
tric is a function of r: 


Up= 144- СА = =й», an , 


(17) 
when по heat is generated therein, and the flow 
is radial. This is the same law as that referring to 
the electrical potential as a function of r. 

This result can also be derived from (13B). 
Since the heat flow is in equilibrium, Ag=0, and 


йн, d 14и, 


dr? т dr =v 


A solution of this differential equation is 
r 
Up=a +b log —- 
7i 


Equation (17) results when the following bound- 


ary conditions are submitted: 


Up=th at r=n, and и,=0 at f-fs 


Phenomena taking place at the surface of the 
cable include the dissipation of the heat gen- 
erated internally and the heating of the cable by 
the external surroundings; radiation from the 
sun, etc. If the dissipation of heat is the only 
matter of concern, then, per unit length, 


Aq = 6,2 Ax (us — 1o), 


where 6, is the surface emissivity, a constant 
depending on the nature of the surface of the 
cable and on the medium in which it is immersed. 
The radius of the surface is r, while u is the 
actual temperature of the outer conductor, and 
ио the ambient temperature of the medium. If 
the cable has a jacket of conductivity ks, inner 
radius 75, outer radius 7,, and 6, is the surface 
emissivity of the jacket, then the dissipation per 
unit length is 


2тЁ 


1^ log (rr) ^ pus 


— из) = 21п7,6,(из 
where из is the actual temperature of the outside 
of the jacket. This may be written 


q — 2r 6 (us — ио), (18A) 


where 6 is now the effective total emissivity of 
the outer conductor to the surrounding medium, 
this being found by the relationship 


1 fs sid 
arp itz. (18B) 


which is analogous to two resistors in series. 


5. Heat Generated on Inner Conductor 


According to (3B) and (5A), the heat gen- 
erated on a section of the inner conductor of 
unit length is 


m= 0.24R,(I24- 12 — 21.1, cos y) 

r n (19) 

=qı—q1 cosy, 

which indicates a component uniformly dis- 
tributed along the conductor, and a sinusoidally 
varying component. These two components may 
be treated separately, since the equations of heat 
flow are linear. 
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Taking the uniform part of the current- 
squared distribution, 724-72, it is evident that 
for a cable in a uniform medium of constant 
ambient temperature, or for a part of the cable 
at some distance from a variation in the medium, 
the temperature of each conductor will be inde- 
pendent of x, and there will be no heat flow 
parallel to the axis in either the dielectric or the 
conductors. The dielectric becomes a simple 
medium with heat conduction in accordance 


with (16). At the surface, by (18A), 
q — 2v ,6(us — ио) (20) 


per unit length. The rates g and gi in (19) and 


(20) are equal to each other, being the rate of- 


heat generation per unit length of the inner con- 


ductor ; 
—0.24(I2--- I2) Ry. 


Therefore, the temperature rise of the outer con- 
ductor above ambient is 


(21А) 


Ву (16), the temperature rise of the inner con- 
ductor is 


ES (21B) 


ип = Wn tse log 

The variation of temperature with radius in the 
dielectric is given by (17). 

The part of (19) which is a function of x is 


—gi cos y = —0.48Ё\1„1ь cos y, (22А) 


which is the rate of generation of heat per unit 
length. This is equivalent to a sinusoidal heating 
and cooling of the conductor with a wavelength 
1/2, since y=4ax/X. Maximum heating occurs 
at the current-crest point of the standing waves 
on the cable, and maximum apparent cooling 
(relative to the heating caused by gi) at the 
current trough. 

In a uniform medium, this can be expected to 
give a periodic temperature variation on the 
inner conductor, 


wh == Уи cos (mp 4-04), 


where п is any positive integer. The tempera- 
tures of the dielectric and of the outer conductor 
will vary periodically with the same period, and 
the temperatures therein can be expressed as 
summations similar to that for ий. 


(22B) 


If the conductor were not in a cable, but iso- 
lated and simply immersed in a medium of 
ambient temperature ио, then by (8B) and (18A), 


kA бча 


=+2nr, E(u —t) —@ cosy=0. (23А) 
That is, the heat generated in a section Ax of the 
conductor, plus that flowing along the conductor 
into the section, plus that from the surrounding 
medium is equal to zero. 

It may be pointed out that all heating and 
apparent cooling of the conductor causes a tem- 
perature change with respect to the ambient 
temperature and independent of the ambient. 
This follows from the linear nature of the equa- 
tions, as pointed out before. In the present case, 
as a result of the ambient acting alone, there is 


a temperature distribution ив in the conductor; 


d?ujo 


kA dx 2 


— mr G(ug — uo) = 0, 

where ио may be a function of x. The tempera- 
ture ип, because of the electrical heating of the 
conductor in the ambient temperature m=O, is 


КА бащ. 2ur,6uy — qi cos y = 0). 
Adding, 
2 
Р.А Prin) = 2a (uo Fun = Uo) 
—gicosy=0. (23B) 


By substituting йо-и =, equation (23А) 
results, and so the two effects may be treated 
separately and the resulting temperature rise 
due to the heating added to the temperature 
distribution caused by the ambient. Throughout 
the investigation below it will be customary to 
set %=0 in the equations and then to add that 
rise due to the ambient (the latter is Uo for some 
distance in the vicinity of the point in question 
when the ambient is constant) to the final rise. 
Solving (23A) with ио=0, the complementary 
function is the solution of 
2 
kA D — Der Eu =0, 
which is 
m=Ge+He, 


UL Эн 
oN AT ey 


(24A) 


where 


(24B) 
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and G and H are arbitrary constants. This would 
give the “space transient" condition in the 
vicinity of a change of medium, or termination 
of the cable in a fitting or open end. As a uniform 
medium is stipulated above, G=0 and H=0 in 
the present case. 

For the particular integral of (23A), change 
the variable: 


2y a ay 

dx? \dx, 
Then the temperature distribution ит along the 
conductor is determined by 


du! 
eA) 


dy? 


The particular integral is of the form (22B) 
which may be verified by substitution. Since 
any value may be assigned to y, the equation 
must be satisfied independently for each argu- 
ment ny. Then ;U;—0 and all values of ,U,—0 
except for = 1, which may be written U;. There- 
fore, g 


d'us _ (Ж) @?и\ (25А) 


ay? NN) dp 


(25B) 


—2т?,би{ =q] cos y. 
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ul, = Un cos y, (28B) 


where 


2 
tA (St) +2т”„& 
2rkp 


log, . 


Uni 7 Un} 1+ 
The temperature at any point in the dielectric is 
found by means of (17). 


6. Heat Generated on Outer Conductor 


For heat generated on the outer conductor, 
the steady-state temperature rise above am- 
bient resulting from the constant component 
Ф =0.24(12+ I2) Ra of (3B) and (5B) is the same 
for both the inner and outer conductors: 
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217,6, (29) 


Uiz = M33 = 
For the component of the heat that is а func- 
tion of x or y, @@=0.481„1ь cos y, the equations 


” 
и! =U; cos y = TH Conv (26) are, where axial flow in the dielectric is 
РА, Е =} +2076 negligible, 
To this must be added the ambient ио and the 1, A eta wi rho _ (u$s — uia) =0 (30A) 
: : dx? ' log (7/т) x ! 
temperature rise 2; resulting from the constant 
component qi of the generated heat. he AS из | 21р (us — ul) 
In the complete cable, two simultaneous equa- dx? — log (12/71) EN 
tions must be satisfied, one for each conductor. — 2rr buzz — qz cos y = 0. (30B) 
These follow from (16) and (23A), neglecting at 
present any axial flow in the dielectric Solving: 
" 
pa Tiny Tko (и uh) иза = Un cos V, (31A) 
© 2 
dx? log (r2/71) , и = (Ла cos у, (31B) 
—gicosy=0, (27А) 
af dui | Inky dak, E cM К where 
Аз dx? ` log (7/т) иш — gz 
—2«8u-0. (278) Üe- z i 
2лғ,8 + ke: (s x) ае 
Proceeding as before, the integration constants m : qe A (2) 
of the complementary function ог “space tran- 
sient" equal zero, and there remains the par- Sie) 
ticular integral 
uh, = Un cos p= 81 созу (28А) 


2r cans 3] ere | 


aA) [l)e 
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and 222, 1 


Up= 


7. Heat Generated in Dielectric 


When the heat conductivity of the dielectric is 
` small compared to that of the conductor ma- 
terial, and for usual cross sections of cable, the 
axial heat flow in the dielectric can be neglected 
to a first approximation, as was done in the cases 
treated above. Then by (3A), (6), and (13B), the 
differential equation for the temperature dis- 
tribution in the dielectric is 


2 
p ,d Dire 


dr? 2rkp Td (ra/ri) c A928) 
where 
Gp —0.24(pf )oC(Ez4- E; 4-2ESEs cosy) (32B) 
=Gtq cos V. 


A solution of (32A) is 


up=a+b log Lote 
US Arkp log 7 = 


lee Ly. (33A) 


The boundary conditions are ир =u at r=" and | 


Up = Ue at т =, whence 


з Из — ui 2 
а (у, :) в; 
Ф ор}. (33B 
— 4rkp log a P z) 25 ) 


It is to be noted that (33B) is general; it in- 
cludes the temperature distribution resulting 
from heat generated externally to the dielectric, 
as well as that generated internally. It reduces to 
(17) when 9 =0, and to (37C) when g7—0, pro- 
vided that only the heat generated in the dielec- 
tric is considered. 

This result may be drived also by simple 
integration. The heat generated in a section of 
the dielectric of unit axial length, between the 
limits 7; and r is determined by integrating (6), 
and is found to be: 


QO.24(pf)& CE? , т Ф r 
log (2/71) log тъ log (12/71) log 7i 


To this must be added № the heat flowing into 
the section from the conductor at radius 1, 
giving the total heat flowing outward from the 


Unig б/т) m (& т) i ———— = 
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Uz 
log (12/71) 2rky\ А 08 ry 


section at radius r. By (11A), the sum of these i is 
equal to 


—2rrkp зи. | 


The result of this aa is 


—2ark du, 


rar cr 


9р 
CIAS log (34) 


Separating variables, and noting that 
à d 
[2v [= r, 


1 1 
IE log rdr = 7 (log r)? 


and 


plus an arbitrary constant, there results a solu- 
tion which can be written in the form (33А). 
Dividing (34) through by r and differentiating 
yields the differential equation (32A). 

For the distribution of temperature along the 
conductors resulting from heat generated in the 
dielectric, it is noted that in the steady state 
the net heat flow into an element Ax of the con- 
ductor is zero. For the inner conductor, by (8B) 
and (15A), and for the outer conductor by (8B), 
(15B), and (18A), letting 49 —0: 


kA le а Отт, eel =0, (85A) 


д?изь 
ax? 


В.Д» зт] 2r Europ =0. (35B) 


Differentiating (33A) or (33B), 


диз b 
or r 


г qo 
Daisies (МА 0 


Which, substituted іп (35А) and (35B), gives 


— p d» = 
keli Oe 8 lak IZ nint 2 0, (36A) 
kA: — F $ d —À--2sk, Tem (r. XR Е 


(36B) 


Note that the heat entering the dielectric, the 
negative of the second plus third terms of (36А), 


= A Ке? == 0. 
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plus the heat qp generated therein is equal to 
that leaving the dielectric, which is the second 
plus third terms of (36B). . 

Taking first the constant part gp of (32B), a 
reasonable supposition is that wi, and ws, are 
independent of x, as was the case for the constant 
part of the heat generated on the conductors. 
It follows that ди,/9х —0 and 0us,/9x —0. From 
(35A), or from the fact that conditions are in 
_ equilibrium (no heat flow into or out of the inner 
conductor), it follows that 


up| — 
or |, =o 


Whence, from (36A) 


Ta 


U1p = Usp os log = (37A) 


т’ 
and from (36А) апа (36B), or from elementary 
considerations 


d» 
271,6 
When (37A) is substituted in (33B), it is found 


that the temperature distribution due to qp act- 
ing alone is 


Uap = (37B) 


— b fety. 

Unk, log ai (iog z) 5, 
When 9=0, (36А) and (36B) naturally reduce 

to the same equations as do (27A) and (27B), 

and also (30А) and (30B) when ф =0 or ф=0: 


o_o 
Ирр = Ир 


d? Uy 2rkp 


ах? E log (7/71) (41) = 0, Gu 

aug 2rkp Qar 

dx? тұл; log Gn 1—0) В.А з 37-0: (358) 
This gives the “space transient" condition, 


similar to (24A), from which may be determined 
the temperatures in the cable resulting from a 
change of medium or end effects, such as the 
presence of fittings. 

The variable part of gp, which is ф cos y, when 
substituted in (36A) and (36B), gives equations 
of a type similar to (27A) and (27B) and also 
(30A) and (30B). The solution is 


U3p = Us cos у, 
Иір = Ur, cos y. 


(39A) 
(39B) 


It can be readily shown that for g,— 4, cos ү, 
(36A) and (36B) are not satisfied by any terms 
uL, = nUzp cos ny, except (39А), in which n=1. 
Similarly for ut. 

The coefficients Ui, and Us, are determined 
by substituting (39) into (36A) and (36B): 


|а) Hoa rg 
2rkp 


__& 
TIU (ra/ т) Us — 2' (40A) 
27Р, с (2 JI 2тЁ» 
log (72/11) Ui [7 log үзүл) (72/171) 
Га aom 


The simplest means of solving (40А) and (40B) 
is to substitute the numerical values in the 
coefficients from the dimensions and constants 
of the cable. Then solve the resulting linear 
simultaneous equations for Ui, and Usp. 

The temperature distribution in the dielectric 
is given by (33B). 


8. Example 


As an example of the practical application of 
the equations developed in this paper, consider a 
Type RG-19/U cable delivering 5 kilowatts 
continuously to a load, the frequency being 
100 megacycles per second. Two cases will be 
considered: A. where the cable is "flat," or 
standing-wave ratio=1; B. where the standing- 
wave ratio is 2.0. 

This cable is made up as follows: 


Inner conductor: solid plain copper 0.250-inch 
diameter. 

Cable core: solid polyethylene, 0.910-inch out- 
side diameter. 

Outer conductor: single-layer braid, 48X9 30- 
gauge (Brown and Sharpe) plain copper wires. 
Maximum (allowable but not necessarily ac- 
tual) diameter is 0.990 inch. 

Jacket: synthetic resin, outside diameter 1.120 
inches. 


The specified nominal characteristics are: 
Surge impedance — 52 ohms. 
Capacitance —29.5 micromicrofarads per 
foot. 
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Attenuation = 0.68 decibel per 100 feet at 


100 megacycles. 


Then, the various constants of the cable are: 
7; =0.318 centimeter. 
ra= 1.16 centimeters. 
r= 1.21 centimeters (estimated average valuc). 
f, 1.42 centimeters. 
A,=0.317 square centimeter. 
A,=0,220 square centimeter. 
k,— 1.0 calorie per second per square centimeter 
for one degree centigrade per centimeter. 
ky=8X10-* calorie per second per square 
centimeter for one degree centigrade per 
centimeter. 
k,—4X10^* calorie per second per square cen- 
timeter for one degree centigrade per 
centimeter (estimated). 
6,—3X 10 calorie per second per square cen- 
timeter for one degree centigrade tem- 
perature difference (estimated; depends 
upon conditions of installation). 
є= 2.3 (dielectric constant of core). 
(pf) 24X10^*, 
C —0.97 «1071 farad per centimeter. 
Zo=52 ohms. 


From these constants other derived parameters 
are found: 


6 —2.6x10^* calorie per second per square cen- 
timeter for one degree centigrade tem- 
perature difference; by equation (18B). 


Е,= 1.48 Х 107? ohm per centimeter. 
Р,=0.525 X107? ohm per centimeter. 


The values of R, and R, are taken to be slightly 
higher than the ideal theoretical values for 100 
megacycles, but together with the power-factor 
value listed, when used to calculate? the attenua- 
tion of the cable, result in the specified value of 
0.68 decibel per 100 feet. 

For the given frequency, power, and standing- 
wave ratio, the following quantities are found: 


№ = 198 centimeters. 
? “Reference Data for Radio Engineers," Federal Tele- 


phone and Radio Corporation, New York, New York, 
2nd Edition; 1946: p. 206. 


FREQUENCY CABLES 95 


A. For the "flat" line, standing-wave ratio 51: 


Епо = 510 root-mean-square volts. (4B) 
Isat 9.80 root-mean-square amperes. (1E) 
Ф = 34.1 X10~* calorie per second per 
centimeter. (5А) 
d:—12.1X10-7? calorie per second per  * 
centimeter. (5B) 
Q,»715.2X10^? calorie per second per 
centimeter. (7) 


B. For the line with standing-wave ratio — 2.0: 


Ea=540 root-mean-square volts. (4D) 
Еь= 180 root-mean-square volts. (4D) 
Г. = 10.4 root-mean-square amperes. (1E) 
Гь = 3.46 root-mean-square amperes. (1E) 
gi=42.5 X10-3 calorie per second per 
centimeter. | (19) 
91 = 25.6 X 10-8 calorie per. second per 
centimeter. (19) 
ф = 15.110 calorie per second per 
centimeter. 
q= 9.1X10-? calorie per second per 
centimeter. 
q» — 19.0 10-3 calorie per second per 
centimeter. (32B) 
q5—11.4X 107? calorie per second per 
centimeter. (32B) 
Note that 
2192 12.1 25, (4E) 
91 9: Ф 


For the “flat” cable carrying 5 kilowatts at 
100 megacycles, the total heat generated is 
d 4--45»—61.4X10-? calorie per second per 
centimeter, as tabulated above. The specified 
attenuation of the cable at 100 megacycles is 
0.68 decibel per 100 feet, which is equal to 
0.223 X 10-? decibel per centimeter. This attenu- 
ation acting on 5 kilowatts results in a loss of 
0.258 watt per centimeter, or 61.7 X 10-? calorie 
per second per centimeter, which closely checks 
the total heat generated. 
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TEMPERATURE RISE IN DEGREES 
CENTIGRADE ABOVE AMBIENT 


rir 


Fig. 6—Temperature rise of the dielectric, computed 
for a Type RG-19/U cable, carrying 5 kilowatts continuous- 
wave at 100 megacycles, with standing-wave ratio =2.0. 


For use in applying the formulas, certain 
quantities which occur several times are here 
evaluated: 


To — 
log Án 1.29, 
277,6 = 2.32 X107, 
2ть | 3.90 K 1073, 
fa 
log = 
Ti 


Ark, — 10.1 X 1075, 


Anh, log 2 13.0 105, 
1 
2 
(=) = 4.05 x 1075, 


: 
(ars) F) =2.18 10-3, 


EAS.) =0.89 10-3, 


2 
A(T) —1.28x 103, 
Р.А 4r 2 
xe (st) = 0.258. 


The principal temperature rises are given in 
Table I and Fig. 6. The data and curves are the 
result solely of computation from the specified 


dimensions and construction of the cable, and the 
published physical characteristics of its com- 
ponent parts. No experimental tests have been 
made in this connection to confirm the data. 
Some of the tabulated temperature rises for the 
5-kilowatt power value probably exceed the safe 
limit for this cable. 

The column headed "If Ё„ were 0” gives 
hypothetical values which, when compared to 
the "Actual" column, show the effect of axial 
flow in the conductors in reducing temperature 
variation along the cable. 


9. Correction for Áxial Heat Flow in Dielec- 
tric 

As explained in the introduction, the heat flow 
encountered in the dielectric in most practical 
cable problems is principally radial. All the 
results so far obtained are based on this assump- 
tion, the term д2и/9х2 іп (13A) always being 
neglected. With the additional condition of circu- 
lar symmetry (13B) is obtained. The tempera- 
ture distribution in the dielectric at any point x 
is a function of r given by (17) for heat generated 
in the conductors;? 


u — ш (us—11) а. (17) 


and by (33В) for heat generated іп the dielectric. 
For sinusoidal distribution of heating produced 
by standing waves on the cable, it was found 
that with axial flow in the dielectric neglected 
(28A) 
(28B) 
and therefore by substitution in (17) it follows 
that ^ 


из = Us cos y, 


w= {Л cos y, 


u=U cosy, (41) 


where U is a function of 7 only. 

The radial temperature distribution (17) is a 
first approximation to the actual distribution. 
However, a temperature distribution (41) will 
produce a resulting flow in the x or y direction. 
The net axial heat flow out of any element of the 


3 Та this section, и and U (without subscripts, or with 
subscripts A or AA) refer to the temperature rise of the 
dielectric due to heat sources external thereto, the use of 
subscripts being reduced to the greatest practicable extent. 
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dielectric (Fig. 5) must be offset by an additional 
net radial heat flow into the element. This can 
be accomplished by an increment of radial tem- 
perature distribution 44 which supplies only the 
heat required by each element of the dielectric 
to offset the axial flow resulting from the dis- 
tribution u. The term ил may be most readily 
determined on the assumption that it in turn 
produces negligible axial flow. Then after having 
determined ид, and as it actually does produce a 


small axial flow, a second correction term waa 
may be determined in the same manner, and so 
on. The resulting actual temperature at any point 
becomes the sum of series u-4-ua-d-uWaa . . . ., 
in which the terms may be expected to diminish 
rapidly in magnitude, and are alternately posi- 
tive and negative. Thus the series converges 
rapidly. Each term is a function of r and у, апа 
all terms exeept и are equal to zero for r=r, 
and for r — rs. 


TABLE I 


ТҮРЕ RG-19/U CABLE CARRYING 5 KiLowarrS AT 100 MEGACYCLES 


Standing-Wave Ratio — 2 


Heat Source Effect as ET Independent Part Function of x Beretta 
у Actual If ke Were 0 
Inner Conductor ГА 34.1 1073 42.5xX107% (19) 
un 14.7? 18.3? (21A) 
un 23.4? 29.2? (21B) 
и * (17) 
qi 25.6 10-3 3 (19) 
Un — 4.6? —11.0? (28A) 
Un —13.0° —28.5° (28B) 
Up * 
Outer Conductor q 12.1107: 15.1X 107? 
AE 5.2? 6.5? (29) 
ule 5.2? 6.5? (29) 
ир 52? 6.5? (17) 
di 9.1X107* 
Ue 2.34 —3.9? (31C) 
Uis —1.6? — 3.9? (31D) 
Up. d (17) 
Dielectric dp 15.2103 19.0 107? (32B) 
Usp 6.6° 8.2° (37B) 
Up 8.5° 10.6° (37A) 
Upp А (37С) 
gi 11.4Xx 107? (32B) 
Uap +2.4° +4.9° (40A) 
Ui +2.9° +6.4° (40B) 
Upp ү (33В) 
Inner and Offter qi +g +g 61.4X 107? 76.6X 107 By Addition 
Conductors UZ 22.8° 28.6° 7: (18A) 
and Dielectric, ui 26.4? 33.0? (18A) 
Combined uy 37-1* 46.3* By Addition 
ub (Fig. 6.) y 
4+9 +9 46.1 X 10-3 “ 
Us — 44° a 
Ui —11.7? a 
Us (Fig. 6.) $ 


* Calculated for Fig. 6, but individual components are not recorded here. 
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Having determined the series, the simultane- 
ous equations for heat flow in the cable, similar 
to (27A) and (27B), are set up using (8B), (15A), 
(15B), and (18A) as was done before. The result 
will naturally be that the heating of the cable 
will be slightly less than it appeared to be when 
axial flow in the dielectric was neglected. 

By (13A) and (25A), the equation for heat 
flow with circular symmetry is 


u low a) 


amor AN) ар" (42) 


е 


If, to a first approximation, the temperature is 
given by (41) where U is a function of r only, 
then, by differentiation, . 
2, 
San U cos y —u, 

. which is proportional to the heat flowing out of 
an element at coordinates r and y. With distribu- 
tion according to (41) there is a maximum of 
heat flow out of the element at maximum «4, 
where y = 0. There is no flow through the element 
at exactly V —0, the heat flowing equally in both 
directions. On the other hand, at V —90 degrees, 
where 4-0 for all values of r, there is no net 
heat flow into the element, but a maximum 
axial flow through it. Since there is no net flow 


п) он) 


(43) 


since ua is assumed to be small compared to и, 
it is omitted from the right side of (42). Then 
by (42), (43), and (17), | 


ua | 1дил_ &y 
ðr? "r+ Or \X 


As was indicated in connection with (39A) and 
(39B), since и = U cos y, etc., from (28A), (28B), 
and (41), equation (44) will be satisfied by 
ид = Ua cos y. Then 


ад 
dr? 


1dU 4 _ r 
+ ТЕЁ log z 


where g and k are functions of Ur and U», etc., 
from the right side of (44). Inspection indicates 
that dU,/dr probably should contain а term 
r log (r/r)). Following this through, the solution 
becomes 


r? ri r 
Ua=a+ 1) (+в) log 5 (45A) 


where a and b are arbitrary constants deter- 
mined by the boundary conditions U4-—0 at 
r=, and at >=. When the constants and 
boundary conditions are substituted, 


into an element at y = 90 degrees, the correction 
term 44 is zero at this coordinate. All these 
results become obvious upon consideration of 
the physical picture. 

'The left-hand side of (42) gives the net heat 
flow radially into the section to compensate for 
the right side, which is the heat flowing out 
axially. When (17) is substituted into the left 
side of (42), it gives zero, because (17) is the 
solution with the left side set equal to zero. 
There remains the first correction term ил to be 
used in the left side. By the reasoning above, 


(45B) 


It is to be noted that U, and U2 in (45B) are 
temperature rises, as indicated by their defini- 
tion in (28A) and (28B), and not actual tem- 


. peratures referred to an arbitrary zero. 


For most practical cases, the factor (2ar1/)? 
is a small quantity of the order of 0.1 at 3000 
megacycles, 0.001 to 0.01 at 600 megacycles, and 
0.001 or less at 100 megacycles. That part of Us 
within the braces is of the same order as the 
principal temperature term U. Determination of 
the second correction term илл by substitution 
of ua in the right-hand side of (42) instead of u 
will give a quantity with an over-all multiplying 
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factor of (2«r/A)* which will be entirely negli- 
gible. 

As an example, suppose (2mc7,/4)?— 0.01, 
U,=45 degrees, U3— 15 degrees, and rs/r1 = 2.72. 
Then, by (17), 

U —45 — 30 log, =, 
1 
and by (45B), 


Us=0.75[(r/rn)?—1] 
—[2.58+0.30(r/71)? ] loge (r/7). 


When these equations are evaluated, the re- 
sults are as shown in Table II. 


TABLE II 
ш U UA 
т Іа Degrees In Degrees 
1.00 45 0.00 
1.40 35 —0.34 
1.95 25 —0.38 
2.72 15 0.00 


It is evident from these results that Ua, and 
consequently ua= л созу, may be neglected 
in most practical cases. : 

When u-U cosy in accordance with (41), 
equation (42) may be solved directly by a series, 
the form of which is suggested by the nature of 
the terms ид, илл, etc. By (42) and (43), 


аш iar (ey, 
or? rr ДАЈ ` 


'The series solution is 
„=> (=) (a +b, lo: z) 
с т п LOY n’ 


where n has only the values 0 and positive in- 
tegers. The coefficients a, and by may be con- 
sidered to be the arbitrary constants. Substitut- 
ing (46) into the differential equation, there 
results 


(46) 


4 S 200—1) 


(a +nb,) +nb, log z] 


Ar\ 22 rn f 
= (2) (а, log А) . 


"EZ 
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To satisfy this for any value of 7, the coefficient 
of 7?** must equal 0, and also, independently, the 
coefficient of r?*log (7/71), giving the relation- 
ships 


(+D? ања (2t) а, 


2 
(8-41) bua (2853) Be | 


From these, the various coefficients сап be found 
in terms of the arbitrary constants аъ and bo, 
which latter are then found by the fact that w= 
at r=n, and u=u at >=. As the factor 
(2тт\/%)? appears again, the coefficients evidently 
diminish rapidly as ” (or k) increases. If only 
the terms for n=0 and n=1 are retained, com- 
putation of the coefficierits should yield a result 
very nearly equal to the sum of (17) and (45B). 
As different approaches were used in the two 
solutions, there will be a very slight difference in 
the results when the higher-order terms are 
neglected. 

For heat generated in the dielectric, the first 
approximation to the temperature distribution 
is given by (33B), which is of the same form as 
(17) but with a term [log (r/r) added. When 
the process of determination of Ua is carried 
through, the general form of the expression for 
Ux is the same as (45А) with an added term 


The coefficients of the terms are different from 
those given in (45B), but the net result is the 
same: that axial heat flow in the dielectric can 
be neglected for practical purposes in most cable 
problems. 


The assumption that the temperature of the 
conductors is a function of x only and not of 7 
could be justified by reasoning, similar to that 
above for neglecting axial flow in the dielectric, 
on the basis of the shortness of the radial dimen- 
sions of the conductors compared to a wave- 
length. | 


Discussion of 


Exact Design and Analysis of Double- and Triple-Tuned 
Band-Pass Amplifiers * 


By MILTON DISHAL 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


VERNON D. LANDON:! Dishal has written an 
excellent summarizing paper on band-pass am- 
plifier design. I believe it is slightly misleading, 
however, as to the value of Q required for opera- 
tion of triple-tuned circuits. 

On page 366, in speaking of a band-pass filter 
utilizing three tuned circuits, Dishal says: 

“To obtain a flat-topped response with three 
peaks of equal amplitude in the pass band, all 
the loading must be removed from the middle 
tuned circuit. . . . Otherwise, as will be shown 
later, the outer two peaks of the response will 
be lower in amplitude than the middle peak.” 

In the next paragraph he elaborates: "To 
approach the ideal triple-tuned response curve, 
the Q of the middle tuned circuit must be of the 
order of 10 times (or more) the Q of the input 
and output circuits." 

'The experimental facts are somewhat at vari- 
ance to the above, as will be explained. Given 
three tuned circuits with Q1— Qs and with 
(Qs — 10€, the circuits may be coupled to obtain 
the ideal triple-tuned response curve to which 
Dishal refers. If, for economy, or other reasons, 
the value of Q» must be reduced to only 3 or 4 
Qi, the outside peaks will have lower amplitude 
than the middle peaks (as he states), providing 
no other circuits constants are changed. How- 
ever, if at this point Qj is reduced somewhat 
and Q; is increased (or the reverse), the equality 
of the three peaks may be restored. This fact is 
rather important, as it permits the use of three 
coupled circuits without having to meet quite 
as stiff a Q requirement as that proposed by 
Dishal. 

The smallest value of Q that may be employed 
in the circuit having the highest Q may be found 
by making use of Dishal's mathematics. In (28), 


* The full paper appeared in Electrical Communication 
v. 24, pp. 349—373; September, 1947, as a reprint from 
Proceedings of the I. R. E., v. 35, pp. 606-626; June, 1947. 

1 Radio Corporation E America, RCA Laboratories, 
Princeton, N. J. 


if the coefficients of F! and F? are set equal to 
zero, we have the condition for "maximal flat- 
ness’? that is to say, the flattest curve without 
multiple peaks. This gives the two equations: 


К? — (n? nj +n?) =0 (1) 


— K?(n? +n — m(ni+n)) 
cuju néngj-4-n$n?-0 (2) 


where К =the coupling coefficient, and nı, ne, ng 
=the inverse of the Q’s of the three circuits. 

From (1) it appears that, if one of the n’s is 
incréased, another must be decreased. Then the 
largest value, ж, required for the smallest n, 
will occur when the two smaller n’s have the 
same value. 

Assuming the two smaller n’s are m and пз, 
we have 719 — 13 — 13, and 


2K*—nà—2nj —0 (3) 

Кі К? (ni = тт) + 2ninj + т =0. (4) 

Of the three unknowns, К, m, and яо, any one 
may be assumed fixed, and the other two may be 
solved for in terms of that one. Cut-and-try 


methods yield the following solution, which may 
be checked by substitution: 


no = 0.2360; 
К —0.745n,. 


In Dishal’s (28), the last term of the poly- 
nomial under the radical is 


нен) nna] 
and is equal to | 
" 
fo 


where f; = ће bandwidth at 70 percent (for the 
condition of maximal flatness), and fo = the reso- 


2V. D. Landon, “Cascade Amplifiers with Maximal 
Flatness," RCA Review, Pt. I, pp. 347-363; January, 1941: 
Pt. II, pp. 481-498; April, 1941. 
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nant frequency. Then. 


1/8 
B= - (Tes, m 2) ы 
i WA 
Now, for Dishal's assumed conditions of 


nı = Из 
315 = 0, 


we find К = т — fi/fo for the maximally flat con- 
dition. Dishal assumes that 


2d fe 
"асу р, 
is required. 

The present discussion indicates that, when 
Из = Из = Ио, 


Nng = 0. 236m 


is sufficiently small. In other words, the triple- 
tuned circuit is operable if tuned circuits are 
available having a Q as high as about 


fo 
ЫЫ 


Mitton DisHar: I would like to take this 
opportunity to thank Landon for pointing out 
the fact that it is possible to obtain a triple- 
tuned response curve having three peaks of equal 
amplitude and two valleys of equal amplitude, 
even though the Q of the middle resonant circuit 
is not infinite. This fact is practically of great 
importance and I think it is safe to say that 
when triple-tuned band-pass circuits are used, 
and a symmetrical band pass is desired when the 
circuits are correctly resonated, the “0 distribu- 
tion" pointed out by Landon, i.e., Q2=Q;=AQi, 
should be used rather than the Q distribution 
mentioned in my paper of (= Qs and (= œ. 
(A is a number whose value depends on the type 
of response desired.) 

In discussing this matter, I think it is im- 
portant to separate clearly the two types of 
useful responses which can be obtained, in the 
following manner: (a) the type of response having 
п maxima of equal amplitude and (n—1) minima 
of equal amplitude within the pass band where 
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n is the number of resonant circuits used; and 
(b) the type of response having a single maximum 
which occurs at the middle of the pass band. 


Response Type (a) 


It should be realized that my paper considered 
this type of response only. The main reason why 
I was led to consider the О distribution Q;=Q; 
and Q»— o was that this seemed to be the only 
distribution which would allow exact design 
equations to be obtained which were not hope- 
lessly complicated. Unfortunately, this still 
seems to be the case, and it should be realized 
that Landon's discussion gives no solution for 
this type of response. Thus, insofar as the re- 
sponse having peaks and valleys within the pass 
band is concerned, we have only the qualitative 
fact that this response can be obtained without 
the necessity for having Q= ©. 

However, insofar as practical design is con- 
cerned (where exact final values must be experi- 
mentally determined), Landon's equations can 
be used to obtain the transitional shape condi- 
tion, and the coefficient of coupling can then be 
increased very slightly’ to produce a multiple- 
peaked response. (It will also be necessary to 
make Q2=Q3 more than 4.2401; the greater the 
peak-to-valley ratio desired, the greater will be 
the required ratio of Оз = Qs to Qi.) 

It may be pointed out here that the following 
procedure may possibly allow an exact solution 
to be obtained for the multiple-peaked response, 
for conditions other than my assumed conditions 
of О = Qs and О = =®. As pointed out by Landon, 
the transitional-shape condition or condition of ` 
maximal flatness is obtained when, in my (28), 
the coefficients of F* and F? equal zero and when 
the constant term equals (Afzaz/fo)®. When the 
multiple-peaked response is desired, the coeffi- 
cients, rather than equaling zero, must equal 
some specific value. These specific values can be 
obtained by substituting, in my (28a), the re- 
quired values of K and as obtained from (34), 
(35), and (36). We can then set the more general 
coefficients given in (28) equal to the above 
values obtained through the medium of (28a). 
It is possible that à usable.solution may then 
be obtained from the three resulting simultane- 
ous equations. Thus, to obtain a certain per- 
centage bandwidth between outside peaks of 
(Af,/f) with a certain peak-to-valley ratio 
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defined by y of (35) we find that the coefficient of 
F* must equal 2(Af,/f)?; the coefficient of F? 
must equal 1(Af,/fo)4; and the constant term 
must equal [y(14d-3?)(Af,/f)* P. Thus, using 
Landon's Q distribution, it will be necessary to 
solve the three simultaneous equations below in 
order to find the required ratio of 


| кт СЕЕ ШШ апда St 
(Af/fo) ' (Afo/fo) ’ (Af, /fo) 


to obtain a resulting peak-to-valley ratio whose 
value is determined by у. 


K*— (m+ 2m?) =2 (y 


Af» 
K3i— Ken, (m = fio) ag (ne? + 2т?) = 1 (82) 
0 


gott mM нд = (t +7) (62): 


Кеѕропѕе Туре (Б) 


In his discussion, Landon has given the exact 
solution for the constants required to give the 
limiting case ef this single-peaked type of re- 
sponse. (It should be noted that the required 
conditions for maximal flatness could also be 
obtained by equating simultaneously to zero the 
two parts of (30).) 

As mentioned previously, Landon’s solution 
is of great practical importance because of the 
relatively small value of Q required in the two 
high-Q circuits. When identical circuits are cas- 
caded, the required О, for a given (Afsas/fo) will 
be even smaller than 0.737 (Afsas/fo), and, there- 
fore, the high-Q circuits (О, = Оз) whose О must 
equal 4.24Q, will require a necessary Q even less 
than 3(fo/Afsa). For example, for буе cascaded 
triple-tuned circuits, the required Q, is 


Q:—0.54(fo/Afsas) 


and, therefore, the required Q:—Q, is only 
Qs, 3=2.3(fo/Afsas). 

Since the equations are quite simple, I think 
it would be helpful to tabulate the equations 
that enable the complete and exact design to be 
accomplished for cascaded single-, double-, and 
triple-tuned band-pass circuits using the maxi- 
mally flat type of response. 
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N Cascaded Triple-Tuned Circuits 
О, = Qs = 4.240, 


0.745 
K= О, 
—0.737[2!/N —1 Jus 
E - : 
N/2 
С =| ew » (sf. Af Jj +1 
Afsap 
or 
Af = 1 Vo 2 HS 
Amel | 
Gain per stage) _ 1 roux — 1J 
ё»/4тАўзаьУ CC 


tan 0 (per stage) 


= (EAT) n Af Y 2.01 | 
Аўзаь Afsar [2179 1 
1.93 Af a 1 | 
[24 N — 1] Afas [2v C1]. 
N Cascaded Double-Tuned Circuits 


О,= Qs 

1 

ШЕ? 
Q = I/N 171/4 
JA 1.414[2"¥ ~ 1] 


Жк А 


Af 1 Vo 2/N 1 1/4 
some 2 i | 


Gain (per stage) 


£n/AnAfsas N С.С» 


TE 
Аћаь [20-11 
tan 0 (per stage) = — p 444— 7—— RA 
b 1.414 4 Af )] 
[275 — Ір“ Afsas 


N Cascaded Single-Tuned Circutis 


or 


= 1.414724 — 1р“ 


Q T 1 ia 1/2 
fo/Afsas ae 


ы +)” 


or 
Af а р 
oo = cry | (4) -1] 
Gain (per stage) _ rou are 
2 „/2тАјзаС = 1 


tan 8 рег stage = (+34 Af x \ raw 1р, 
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The Great Concert Studio of Copenhagen Broadcasting House. The stage will accommodate an orchestra and choir of 100 persons each. 


Copenhagen Broadcasting House 


By FREDERIK HEEGAARD 
Post and Telegraph Administration, Copenhagen, Denmark, 


and EIGIL COHRT 
Standard Electric A/S, Copenhagen, Denmark 


OPENHAGEN BROADCASTING 
HOUSE was built and put in service 
during the war. In planning the build- 

ings, careful attention was given to obtaining 
adequate sound insulation among the studios. 
This was obtained by building each studio as a 
separate structure with its own foundation. In 
addition, Broadcasting House is near the center 
of town and noises from the streets surrounding 
it must not penetrate to the studios. These 
street noises are reduced by screening the studios 
with the office and administration buildings, 
the concert hall, and by other structures. This 
arrangement is evident from Fig. 1. 


1. Studios 


The studio block is divided through the middle 
by a wide hall with bays, arranged as a lobby 
for the artists. From the lobby, a studio is 
entered by passing through at least two sound- 
proof doors connected by an acoustically heavily 
damped corridor, which acts as a sound-trap. 
Associated with each studio is a control room 
intended for supervision and control of broad- 
casts and rehearsals in the studio; access to this 
room is also obtained from the sound-trap. 
Large triple glass windows provide visibility 
between the studios and their control rooms 
without sound leakage. In several cases, a second 
studio control room is common to two studios, 
thereby making it possible to operate them as 


one. Studios 2 and 3 are an example of this. 
Table I gives data on studios 2 to 8. 

In addition, there are a concert hall and three 
small lecture studios. The former, which is shown 
in the frontispiece, will accommodate 100 musi- 
cians, a choir of 100, and about 1200 auditors. Its 
volumeis12,000cubic meters (423,700 cubic feet). 
The auditors may enter directly from the street. 
'Thelecture studios are in the administration block 
with direct access for the lecturers from the main 
hall. To obtain the necessary sound insulation, 
these three studios are provided with floating 
floors, walls, and ceilings. Two echo rooms of 
different characteristics are in the studio block. 

The technical department is located centrally 
above the studio hall; it consists of a large am- 
plifier room with the amplifiers mounted in two 
rows of steel cabinets, a room containing the 
switching system for connections to the studios, 
three main control rooms, four sound-recording 
rooms, and a couple of offices for the operating 
management. This central position of the tech- 
nical installations is convenient in view of the 
fairly complicated cabling between the studios, 
studio control, main control, amplifier, record- 
ing, and relay rooms. 


2: Program Circuits 


All program circuits have been laid as single- 
pair paper-insulated cables with a special screen 
insulated from the lead cover. To decrease cross 
talk, the pairs have been twisted with two 


TABLE I 
STUDIO CHARACTERISTICS 


Volume r 
Reverberation 
Studio Service Time in Seconds 
Cubic Meters Cubic Feet at 800 Cycles 
2 Orchestra, Medium Size 2480 87,669 1.1 
3 Orchestra, Small 1450 51,200 Variable 
4 Soloist, Chamber Music 475 16,782 0.7 
5 Discussions, Small Cabaret with Audience 730 25,776 0.8 
6 Soloist, Plays 414 14,618 0.5 
7 Plays 1050 47,076 0.5 
8 Speech in Plays 47 1,660 0.5 
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different pitches, one for cables carrying high 
signal levels and the other for low-level cables. 
A view of the amplifier room is shown in Fig. 2. 

The amplifier equipment may be divided into 
the following main groups: (A) program sources, 
(B) switching and signaling systems, (C) program 
channels, (D) output patching panel, (E) control 
apparatus, (F) sound recording system, and (G) 
talk-back equipment. 

A program source may consist of a studio 
or a combination of studios with their micro- 
phones and amplifier system, a telephone line 
transmitting an outside program, or a play- 
back apparatus for recorded programs. In each 
studio, a number of microphones may be used 
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to fit the needs of the particular type of pro- 
gram. Each microphone is connected to an A 
amplifier, all of which are located in the ampli- 
fier room. The A amplifiers are one-stage push- 
pull units, three of which are mounted on a single 
panel and share a common power supply as may 
be seen in Fig. 3. The signal from the A amplifier 
then passes through a bridged-T mixing pad 
mounted on a desk, shown in Fig. 4, in the 
studio control room. Next in the circuit is a B 
amplifier. This is a three-stage resistance- 
coupled amplifier with negative feedback, con- 
taining its own power supply. Then follows the 
main regulating fader, also mounted on the 
studio control desk, which is connected through 
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Fig. 1—Plan view of Copenhagen Broadcasting House. The central studio building is screened extensively from 
city noises by the various administrative and other buildings surrounding it. 
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a transformer to an 
appropriate switching 
system. 

The lines carrying 
outside programs to 
Broadcasting House 
arrive in two cables, 
which also contain the 
outgoing lines to the 
transmitters and to the 
Copenhagen repeater 
station.. The outside- 
broadcast lines are 
connected through line 
transformers, variable 
equalizers, attenuators, 
and, if required, A 
amplifiers, before going 
to the switching points. 

In principle, the play- 
back apparatus in the 
recording rooms and 
elsewhere are connected 
to the switching system in the same way as 
described for the studios. In this instance, A 
amplifiers have been omitted, the level being 
higher. They are provided with the necessary 
equalizing networks and scratch filters. 

The programs pass from the studio controls, 
through the switching system, into one of three 
program channels, each having four inputs. 
Each channel input is provided with a listening 
key and mixer, while each channel has also a 
main attenuator. In addition, there are three 
channels of a simpler type having one input 
only and no attenuators. These three so-called 
“common channels” are used for rehearsals and 
for uncomplicated sound recordings requiring no 
special arrangements. 

To stage, supervise, and control complicated 
broadcasts involving several studios, an arrange- 
ment called the ‘dramatic control" has been 
developed. It consists of a special control desk 
with six input channels and one output with the 
necessary controls. It may be connected between 
the studio control and the main control by the 
automatic switching system, and provides for 
full control of the broadcast. The dramatic con- 
trol can handle programs from all studios, but is 
arranged to provide visual supervision of studios 
6, 7, 8, and 9. This dramatic control also permits 
the introduction of variable equalizers to give 
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Fig. 2—Part of the amplifier room. 


special effects to certain studios or echoes. A 
studio amplifier similar to the B amplifier com- 
pensates for the losses introduced in the mixer. 
3. Switching 

All switching between program sources and 
channel or dramatic inputs is done automatically. 
The switching of microphone leads, volume con- 
trols, and signaling system is done in one opera- 
tion, reducing substantially the possibilities for 
mistakes. 

The switching system must have a very high 
degree of reliability, and at the same time must 


Fig. 3—A group of three A amplifiers mounted on a 
single panel. These amplifiers are connected to the micro- 
phones to provide both gain and isolation. 


110 


Fig. 4—Studio control desk. 


be very flexible and simple in operation. Because 
of the amplification employed, switching must 
be entirely free from induced, capacitive, and 
microphonic noises. There are 21 channel inputs 
to which a maximum of 100 program sources may 
be connected. An entirely satisfactory system 
has been built with the same kind of apparatus 
and switches used in public and private auto- 
matic rotary telephone systems of Standard 
Electric manufacture. All relays are provided 
with split contact springs and double spherical 
contacts. 

Switching is based on a coordinate system with 
relays at the intersecting points. The selection 
of the proper relay is determined by a control 
circuit that receives key-sent numbers and 
selects and operates the correct relay. The relay 
.locks electrically and releases the control circuit 
for another call. To minimize the number of 
digits to be sent and to safeguard against mis- 
takes, a channel of a particular control desk may 
be selected only from that desk. A distinction 
is also made between selection of a program and 
selection of an echo room; a three-position key 
in one position will permit only program selec- 
tion and in another only echo-room selection. 

Progress lamps on the control desks indicate 
when the control circuit is ready to receive the 
digits and when the selection is finished. Busy 
lamps indicate the channels in use. As an extra 
safeguard, each program channel or echo room 
is provided with a two-digit number-indicator 
operated from the control circuit during selec- 
tion. It permits the operator to check imme- 
diately that the correct number has been sent 
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and that the appropriate selection has taken 
place. The indicator remains in position until 
the connection is released, thus permitting the 
operator at any time to know which program 
source is connected to any particular channel. 
This relay connection is under the control of a 
locked release key on the main control desk, 
and the relay may be released by depressing this 
key momentarily. 

Program connections may be set up prior to 
starting a broadcast by opening the attenuators 
of the channel, thereby permitting a change 
from one program to another by further opera- 
tion of the attenuators only, without waiting 
for selection of circuits by relays. 

In case of faults on lines, attenuators, or 
connecting relays, a program may be trans- 
ferred from one channel to another on the same 
or another control desk without interruption. 
The new connection is made while the old is still 
in service, and the program faded from the 
faulty circuit to the new one. 

Routine test circuits have been provided by 
which all the functions of the control circuits 
may be checked. Faults that might cause delay 
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, Fig. 5—The two-stage C amplifier, which also provides 
limiting action to prevent overmodulation. Two C ampli- 
fiers are mounted on a single panel. 
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in operation may thus 
be avoided. Two con- 
trol circuits are pro- 
vided and are utilized 
alternatively; thus, if 
one should be faulty, 
the second is always 
ready for use. 

Particular care is 
taken to insure the 
system against cross 
talk and noise, by: spe- 
cial screening and by 
keeping microphone 
and signaling leads 
completely separated 
throughout the system. 
No such troubles have 
been observed during 
the five years of op- 
eration. 

A C amplifier is con- 
nected between the program source and the 
output switching panel. The C amplifier, shown 
in Fig. 5, consists of two two-stage resistance- 
coupled amplifiers, connected through a limiter 
to prevent the output level from rising above 
the value that corresponds to full modulation of 
the transmitter. 

The program channels are operated from the 
three main control rooms. These are adjacent to 
the amplifier room, which may be viewed through 
large triple glass windows. Each of the three con- 
trol rooms may operate one:of'the three pro- 
gram channels as well as all of the common 
channels. In each control room, all the different 
operations may be accomplished at the main 
control desk shown in Fig. 6. 

For visual supervision of the program level, 
each channel output has been connected to a 
modulation meter with instruments on main and 
studio control desks. In principle, the modula- 
tion meter or tone meter is a rectifier obeying 
a logarithmic law and having a quick charge and 
slow discharge characteristic, so that peak volt- 
ages may be read. They are light-beam instru- 
ments with a very short time constant; being 
calibrated in nepers, the scale is practically 
linear. The upper part of the scale, corresponding 
to modulation of the transmitters above 80 per- 
cent, is red so that danger of overmodulation 
will be immediately apparent. When a studio is 


Fig. 6—Main control desk. The amplifier room is visible to the operator 


through large triple windows. 


connected to a channel input, the instrument in 
the corresponding studio control room is auto- 
matically connected to the modulation meter of 
the channel in use. 

Each control desk includes an output patching 
panel where, by means of a manual coordinate 
switchboard, the outputs of the C amplifiers 
associated with the channels are connected to 
the inputs of D amplifiers connected to the out- 
going lines. 

The D amplifiers are two-stage resistance- 
coupled amplifiers with low output impedance, 
so that they supply constant voltage to lines of 
varying impedances. Their outputs are con- 
nected to the “program consumers," i.e., the 
broadcasting transmitters, the Copenhagen re- 
peater station for broadcasts to foreign coun- 
tries, the recording rooms, and the loudspeaker 
channels. 

The lines used for recording pass from the D 
amplifiers to the four recording studios through 
special recording amplifiers, which are power 
amplifiers similar to the loudspeaker amplifiers. 
Two of the recording studios are each provided: 
with two wax recorders and two cellulose re- 
corders, and have in addition play-back ap- 
paratus for cellulose and ordinary commercial 
records, The wax recorders are combined with 
play-back apparatus, The other two sound- 
recording studios are provided with tandem 
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magnetophone equipment to permit continuous 
magnetic recording and reproduction using 
plastic tape. A reproducer for commercial sound 
motion pictures is also available. A small an- 
nouncer's studio is provided near the recording 
rooms to be used when recording or playing back 
programs. 

Loudspeakers have been installed in studios, 
studio control rooms, and main control rooms 
for supervision of programs and for talk-back 
from studio control rooms to studios. The input 
to this system is taken from a separate D 
amplifier connected to each channel output. 
Feedback in the studios is avoided by attenuat- 
ing the studio loudspeaker as soon as the attenua- 
tor of any microphone in the studio is opened. 
When talking back from control room to studio, 
a microphone placed on the control desk is cut 
in by a key, which also attenuates the control- 
room loudspeaker output. 

A loudspeaker distribution system serves all 
offices, Council Hall, canteen, etc. The system 
accommodates four program channels, thus 
enabling the staff to listen to rehearsals as well 
as the running program. The loudspeakers re- 
quire no amplifiers as the program lines are 
operated at high level from 40-watt amplifiers 


manufactured at the shops of the Post and. 


Telegraph Administration. 

Over the frequency range from 30 to 10,000 
cycles per second, the total amplification from 
microphone to line does not deviate more than 
+0.2 neper (1.7 decibels) from the value at 800 
cycles. At a total amplification in the system 
of 9.5 nepers (82.5 decibels), the noise voltage at 
the output of a D amplifier will not exceed 5 
millivolts. In the range from 100 to 10,000 
cycles, the distortion factor for the complete 
amplifier chain must not exceed 1 percent and 
from 30 to 100 cycles it must be less than 4 per- 
cent. The distortion factors are, in fact, con- 
siderably lower. 


4. Signaling 


A signaling system provides for the essential 
cooperation among all factors concerned with a 
broadcast transmission. The automatic switching 


system connects all the signaling and program 


circuits at the same time, thereby assuring 
readiness of the signaling system when required 
and avoiding separate operations with their 
possibilities of error. 

The system includes red warning lamps and 
blue end-of-program lamps together with the 
necessary operating keys. The red lamps are 
displayed in the studio proper, on a signal stand 
in the studio, outside the studio entrance, on 
the studio control desk, and on the channels on 
the main control desk. The blue lamps are dis- 
plaved on the studio signal stand, the studio 
control desk, and on the channels of the main 
control desk. Mounted on the wall in the three 
control rooms and in the sound recording rooms 
are signal boards on which the red and the blue 
lamps of each studio are represented. 

An instant before a program is to go on the 
air, the control-desk operator—studio or main—- 
in charge of this broadcast gives a microphone 
warning signal by flashing the red lights and 
then operating them steadily. In the case of de- 
lay in the studio, the studio manager may oper- 
ate the microphone blocking key and continue 
the flashing, thereby indicating that the con- 
nection may not yet be made. When ready, he | 
will restore his key and produce a steady red 
light. At the end of the program, the studio 
manager will switch on a blue light, the end-of- 
program signal, and the control desk will open 
the connection, thereby extinguishing the red 
light. 

Connections among the various points of im- 
portance, such as studios and control desks may 
also be obtained by telephone through a private 
automatic branch exchange. As it may be of 
importance to obtain immediate communication 
with a certain party, the connection will be 
established even if the called line is busy; a 
warning tone will indicate that a third party is 
on the line. 

The studios, buildings, and amplifier equip- 
ment were designed by the Broadcast Depart- 
ment of the Post and Telegraph Administration 
and manufactured by Standard Electric A/S, 
Copenhagen, who also designed and manufac- 
tured the switching equipment, desks, loud- 
speaker cabinets, and similar facilities. 


Zurich Automatic Tandem Toll Exchange 


By G. KLINGELFUSS 
Standard Telephone and Radio S. A., Berne, Switzerland 


URING the past 20 years, very great 
D progress has been made in the auto- 
matization of the telephone service in 
Switzerland. Now, about 95 percent of the 


450,000 subscribers have automatic switching ` 


service, and within a few years the entire net- 
work will be automatic. 

After the city and rural networks were con- 
verted to automatic operation, most of the 
fundamental problems of long-distance auto- 
matic telephony, such as impulse transmission 
over long lines and metering of calls by time and 
distance, were solved. The next advance was to 
provide automatic service between subscribers 
of different network groups. 

As a temporary solution, long-distance dialing 
by operators was introduced, whereby the toll 
operator at the outgoing end dialed directly the 
number of the wanted subscriber in another city. 

The first application of direct automatic toll 
switching by subscribers in different city areas 
equipped with rotary-system exchanges was in- 
troduced in 1933 between Basle and Zurich. 
Similar services were provided between Berne 
and Lausanne with Strowger equipment. The 
first application of interworking between two 
different systems was between Lausanne and 
Geneva with Strowger and rotary equipment, 
respectively. 

The good results obtained on these automatic 
toll circuits encouraged their extension. A funda- 
mental plan for automatic operation of the Swiss 
toll network had been prepared by the Swiss 
administration and was elaborated on jointly by 
Bell Telephone Manufacturing Company and 
Standard Telephones and Cables, Limited, giving 
full consideration to switching, signaling, and 
transmission requirements. 

The Swiss telephone network includes three 
different automatic systems, Hasler, rotary, and 
Siemens. It was necessary, therefore, to establish 
fundamental requirements for their interworking. 
For this purpose, the Swiss administration pre- 
pared a master specification that contained all 


the requirements essential to reliable interopera- 
tion. 

These specifications concerned not only signal- 
ing, but transmission requirements over long- 
distance lines, with fixed repeaters and with 
switched repeaters connected at tandem points. 
The repeater problems were still to be solved, 
particularly, switched repeaters with automatic 
gain control. The Swiss administration adopted 
for all three systems the principles of switched 
repeaters developed and recommended by Bell- 
Standard. 

The three manufacturers were requested to 
submit models of every circuit involved in 
automatic toll switching. The three models were 
interconnected over real toll-line circuits of the 
greatest length met with in Switzerland using 
both fixed and switched repeaters. For signaling, 
50-cycle-per-second alternating current was used. 

The Swiss automatic toll network in its final 
stage is shown in Fig. 1. It is comprised of 10 
primary centers and about 40 secondary or end 
exchanges. Each toll center is equipped with 
repeaters and associated switching apparatus. 
The toll end exchanges have direct trunks to 
the toll centers to which they are assigned. 

Three-digit prefixes starting with 0 were as- 
signed to the primary and secondary exchanges 
(Zurich 051). The third digit determines whether 
the call is destined to remain in the primary 
center group (51) or has to be extended to an 
end exchange assigned to this center (Winter- 
thur 052, Schaffhausen 053). 


1. Toll Center Zurich 


Zurich is the largest and most important toll 
center of Switzerland. It handles about 20 to 
25 percent of the total telephone traffic and 
consists of 11 city exchanges of 10,000 lines 
with 3 satellite exchanges of the 7-А1 and 7-A2 
rotary system and 50 rural exchanges of the 7-D 
type. It may be interesting to note that the first 
rotary exchange at Zurich-Hottingen was put 
in service in 1917 and is still in operation. 
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Fig. 1—Automatic toll network of Switzerland. 


Zurich also has a very 
important national and 
international toll traf- 
fic, being the largest 
commercial and indus- 
trial center of the 
country. Consequently, 
it is also the most im- 
portant toll switching 
point. 

'The first equipment 
for the present auto- 
matic toll exchange 
was ordered in 1937. 
A new building, shown 
in Fig. 2, was erected 
for this purpose next 
to an existing build- 
ing, in which the 
manual toll exchange, Fig. 2—Building housing the automatic toll exchange and repeater station in Zurich. 


ZURICH AUTOMATIC TOLL EXCHANGE 
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Fig. 3—General view of the automatic toll.exchange. 


rural main exchange, and repeater station are 
located. 

The automatic toll equipment, shown in Fig. 3, 
is located on the third floor, and the repeater 
station is on the floor directly below. This ar- 
rangement requires only very short cable runs 
to the repeaters, which are located in both the 
automatic toll switching room and in the re- 
peater station. 

The first installation of automatic toll equip- 
ment, which was placed in service in 1939, 
consisted only of apparatus for the outgoing 
terminal toll traffic originated by Zurich city 
and rural subscribers and of equipment for 
handling connections established by manual 
toll operators on incoming national or inter- 
national toll lines. The equipment for incoming 
terminal traffic destined for Zurich city and 
rural subscribers is located in the old building 
and was also extended and adapted to the 
administration’s master specification. 

During the war, several extensions were made 


and, in 1945, equipment for automatic tandem 
toll operation was put in service, whereby for 
the first time automatic switched repeaters were 
used in the rotary system. Through this de- 
velopment, Zurich became the largest and most 
important tandem point for automatic toll 
switching. 

A simplified junction diagram of the Zurich 
automatic toll exchange in its present stage is 
shown in Fig. 4. The actual equipment occupies 
a floor space of 550 square meters (5918 square 
feet), and completely fills the room. Future ex- 
tensions will have to be located on the floor 
above. 


2. Toll Traffic Originated by City and Rural 


Subscribers 


To establish an automatic toll connection, a 
subscriber first dials a three-digit toll prefix 
(021 to 099) followed by the number of the 
wanted subscriber, which may be of two, five, 
or six digits. 
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Fig. 4—Simplified junction diagram of the Zurich 
automatic toll exchange. 
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Fig. 5—Selective trunk circuits from 7-Al 
local exchanges. 


With the dialing of 0 as the first digit, the 
calling subscriber is extended through a selective 
trunk circuit to the automatic toll exchange. 


3. Selective Trunk Circuits 


There are three different classes of selective 
trunk circuits: 


A. Toll traffic originated by city subscribers, 

B. Toll traffic originated by rural subscribers, 

C. Incoming calls on manual or international toll lines 
that are to be extended to the automatic toll network. 


The selective trunk circuits from the city ex- 
changes are divided into two different classes: 
incoming from 7-A1, shown in Fig. 5, and from 
7-A2 exchanges. 

In the 7-A1 exchanges, a toll or auxiliary reg- 
ister is attached to the local register when a 
subscriber dials 0 as the first digit. The auxiliary 
register remains attached until all digits are 
sent out. 
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For the selective trunks from 7-A2 exchanges, 
the toll register is located in the automatic toll 
exchange and the 7-A2 local registers are ar- 
ranged for sending up to 9 digits into the toll 
register. 

The selective trunks from the local exchanges 
are combined with a time-and-zone metering 
circuit and are equipped with three step-by-step 
selectors of which one serves for the selection of 
the direction, one for determining the tariff 
according to the dialed toll prefix, and one for 
producing a number of artificial tandem selec- 
tions as may be required. 

А tariff-control circuit is also attached to 
handle networks with mixed tariffs. 

'The selective trunk circuits for the automatic 
toll traffic originated by rural subscribers are 
inserted between the rural main exchange in 
Zurich and the automatic-toll equipment. During 
the selection time, an impulse repeater is at- 
tached to the selective trunk circuit and is con- 
trolled by the auxiliary register in the rural 
center exchange. This type of selective trunk 
circuit has no time-and-zone metering circuit 
because the tariff is determined in the outgoing 
rural center exchange. 

'The selective trunk circuit for the toll traffic 
from the manual toll board is similar to that from 
the rural network. It appears on the toll-opera- 
tor positions and also on twin jacks on the cord- 
circuit repeater positions for connections that 
require a cord-circuit repeater with automatic 
gain control. The toll operator dials only two- 
digit toll prefixes, because the 0 is not required 
in this case. 

There are a number of common circuits used 
with the selective trunk circuits, such as, master 
time-control circuit, impulse sender circuit, and 
delayed back release circuit. 


4. Incoming Toll Lines 


The incoming toll lines are divided into two 
classes, which are fundamentally different: 
terminal lines and tandem lines. 

The incoming terminal lines carry only traffic 
destined for city and rural subscribers of the 
Zurich group. 

'The incoming tandem lines are for the transit 
traffic passing through Zurich to other toll 
primary or toll end-exchange groups. Overflow 
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facilities are provided so that when all terminal 
lines are busy, trafic may enter over tandem 
lines. 

The incoming tandem lines are further divided 
into primary and secondary groups. The primary 
or main lines carry the incoming traffic from 
other primary groups, whereas the secondary 
lines handle traffic from the toll end-exchange 
groups. : 

The tandem primary lines are again sub- 
divided into 2-wire and 4-wire lines, which are 
shown in Figs. 6 and 7. 

The 2-wire lines are arranged for 50-cycle 
signaling, whereas the 4-wire lines, which are 
used for operation on 12-channel carrier systems, 
are arranged for 3000-cycle signaling. 

The incoming tandem toll lines have access 
by means of a finder to the switching equipment 
for repeaters with automatic gain control. 

The 2-wire lines are equipped with individual 
networks. 

Each incoming tandem toll line 
with a switch for connecting the 


is provided 
line in the 


Fig. 6—Incoming 2-wire tandem toll lines. 


Fig. 7—Incoming 4-wire tandem toll lines. 


wanted direction, as determined by the digits 
received from the far end. | 

The incoming tandem lines are connected to 
the arcs of the intermediate finders via cross- 
connecting points. 

Incoming terminal traffic on tandem lines in 
case of overflow, is routed through another group 
of intermediate finders, incoming cord circuits, 
and incoming registers to the local or rural 
exchanges, as the case may be. 


5. Intermediate Finder Circuits 


The intermediate finder circuits, shown in 
Fig. 8, are used for concentrating the traffic be- 
tween the selecting equipment and the outgoing 
toll lines. As will be seen from the junction dia- 
gram, there are three divisional groups of inter- 
mediate finders on the arcs of which are termi- 
nated: 


A. Selective trunks, 
B. Incoming tandem primary lines, 
C. Incoming tandem secondary lines. 


In the direction of secondary toll centers, there 
are two stages of intermediate finders. The first 
intermediate finders include equipment for the 
selection of the wanted direction. These may 
be seen in Fig. 9. 

The intermediate finders assigned to the in- 
coming tandem toll lines are arranged to provide 
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for overflow from outgoing terminal lines to out- 
going tandem lines (X and Y directions) in case 
all terminal lines in a wanted direction are busy. 

A further group of intermediate finder circuits 
are provided for routing incorrect toll calls for 
nonexistant toll prefixes to an operator’s posi- 
tion. 

The intermediate finders are arranged for 
gradual starting and, to reduce hunting time, 
starting occurs at the same time the. finders of 
the free outgoing toll lines of the wanted direc- 
tion are set in motion. 


6. Outgoing Toll Line Circuits 


Each outgoing toll line is terminated on a 
backward-hunting finder. These circuits, illus- 
trated in Fig. 10, are subdivided into two main 
groups, viz., primary lines leading to other 
primary or toll centers and secondary lines 
connected to secondary or toll end exchanges. 

The lines of the first group are again sub- 
divided into terminal and tandem lines for each 


Fig. 8—Intermediate finder equipment. 


Fig. 9—Intermediate finder circuits with 
direction markers. 


direction according to the transmission grade. 
‘Overflow facilities are provided and, when all 
terminal lines in a certain direction are busy, the 
terminating traffic will be routed over tandem 
lines of the proper direction. This operation is 
determined by the preceding selective trunking 
equipment. 

On directions with a great number of lines, 
gradual starting circuits are provided so that 
only a limited number of free finders will hunt 
simultaneously when a certain direction is 
selected. 

The outgoing terminal lines are grouped into 
TEI and TE2 lines. The -TEI terminal lines, 
to which only the outgoing traffic originated by 
the Zurich city and rural subscribers is routed, 
are not equipped with networks as such connec- 
tions never require the insertion of a switched 
repeater. 

The TEZ terminal lines to which incoming 
tandem lines also have access are, however, 
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equipped with individual networks in case tan- 
dem connections with switched repeaters are to 
be established. For this purpose, each line circuit 
is also equipped for line-loss signaling. 

The line-loss indication will always be signaled 
because the circuit does not know where the 
switched repeaters are connected. This signal 
is transmitted at the moment the outgoing toll 
line is connected, i.e., normally at the same time 
the starting impulse is sent towards the distant 
exchange. | 

Direct-current impulses received by the out- 
going toll circuit from the local or rural exchanges 
are translated into alternating-current impulses 
for transmission to the distant end of the out- 
going toll line. : 


7. Switched Repeaters and Automatic Gain 
Control 


Switched repeaters are automatically intro- 
duced on tandem connections. Standard 2-wire 
repeaters have been adapted for this purpose. 
Each switched repeater circuit is combined with a 
gain-control circuit consisting of a number of 
relays and two variable pads for the incoming 
and outgoing lines. The finder, by which the 
automatic repeater is connected to the incoming 
line, consists of 11 brushes of which 2X4 serve 
for the through connection of the talking and net- 
work leads of the incoming and outgoing side. 

The repeater connecting and regulating equip- 
ment is located in the switch room, whereas the 
repeaters and gain-control circuits are mounted 
in the repeater room on the floor below. 

The automatic-gain-control circuits may be 
seen in Fig. 11 and each consists of four variable 
pads, which can be regulated in 1-decibel steps 

up to 15 decibels. The switched repeaters are 
set to give a gain of 17 decibels (1.96 nepers). 
In the idle position of the repeater, all pads are 
inserted so that the effective gain is reduced to 
2 decibels. As soon as a repeater is switched in, 
the gain is automatically adjusted to meet the 
circuit needs. 

For setting gain, three distinct indications are 
required. 


A. Loss value of the incoming toll line, 


B. Whether the gain of the switched repeater is to be 
adjusted to compensate for the loss in the incoming toll 
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line or to equal the sum of the loss values of both toll lines, 
minus 9 decibels (1 neper), 


C. Loss in the outgoing toll lines. When the gain-control 
relays receive a loss indication from the incoming toll line 
only, the gain of the repeater is set to equal this loss. ` 


On the connections terminating in the Zurich 
local or rural area, no repeater is used. This is 
indicated by the setting of the marker switch of 
the incoming line. 


Fig. 10—Outgoing 2-wire toll lines with 50-cycle 
: signaling sets. 
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8. Signaling Systems 


Two different systems of signaling are used in 
the Swiss automatic toll system. 

For relatively short 2-wire lines, 50-cycle 
signaling is used. The signaling current is re- 
layed to bypass the line repeaters. 

With the introduction of 12-channel carrier 
systems in the toll cable network, it became 
necessary to develop a new voice-frequency 
signaling system. For this purpose, Standard 
Telephone and Radio and the Swiss administra- 
tion jointly have developed a single-frequency 
3000-cycle signaling system. 


9. Tandem Connections Over 4-Wire Lines 


With the introduction of 12-channel carrier 
systems, incoming and outgoing 4-wire line 
circuits were provided to allow the following 
through connections: 


A. 2-wire to 4-wire lines, 
B. 4-wire to 2-wire lines, 
C. 4-wire to 4-wire lines. 


The incoming and outgoing 4-wire lines are 
terminated on 4-wire terminating sets. 

When 4-wire lines are connected to 2-wire lines, 
the 3000-cycle signal- 
ing impulses incoming 
on the 4-wire circuit 
are retransmitted as 
50-cycle impulses to 
the outgoing 2-wire 
line, and vice versa. 

For connections be- 
tween 4-wire lines, the 
tail-eating method is 
used and allows sim- 
ple switching by avoid- 
ing the use of a great 
number of relay con- 
tacts. 


10. Installed Equip- 
ment 


The Zurich auto- 
matic toll exchange 
has the following 
number of principal 
circuits. | 


Incoming selective trunk circuits from 7-А1 
local exchanges, 

117 Incoming selective trunk circuits from 7-A2 
local exchanges, 
Incoming selective trunk circuits from 7-D 


rural exchanges, 


100 


20 Incoming selective trunk circuits from 
manual toll operators, 


344 Incoming 2-wire tandem toll lines, 
150 
460 


180 Repeater-connecting and gain-regulating 
circuits, 


Incoming 4-wire. tandem toll lines, 
Incoming 2-wire terminal toll lines, 


1790 
432 
702 Outgoing 2-wire toll lines, 
150 Outgoing 4-wire toll lines. 


Intermediate finder circuits, 
Intermediate finder circuits with markers, 


With the rapid increase of toll traffic in 
Switzerland, the Zurich automatic toll exchange 
will be developed further. International toll 
traffic will undoubtedly introduce new switching 
problems in automatic operation and these will 
be the subject of further studies in automatic 
toll switching. | 


Fig. 11—Pads for automatic gain control of switched repeaters. 


Emergency Operation of SOJ-12 Carrier Telephone Systems 


By J. M. CLARA and E. SERRA CALABUIG 
Compania Telefónica Nacional de España, Madrid, Spain 


traffic capacity of the toll routes of Spain 

by the use of 12-channel open-wire car- 
rier telephone systems were started in 1946. 
The carrier equipment is the SOJ-12 system 
manufactured by Standard Telephones and 
Cables, Limited, of London. A description is 
given of how the circuits on the Madrid—Barce- 
lona route were restored on an emergency basis. 
This was facilitated by the self-aligning feature 
of the repeaters and receiving terminals. Al- 
though some increase in unintelligible inter- 
system cross talk would be expected under such 
conditions, this was not found to be serious 
enough to prevent commercial use of the circuits. 


е е . 


P EXTENSIONS for increasing the 


During the past ten years, well-known difficul- 
ties have delayed telephone development in 
Spain, where, commencing in 1924, the Com- 
pañía Telefónica Nacional de España, then an 
associate of the International Telephone and 
Telegraph Corporation, had achieved great 
progress in the development and quality of its 
service. Within the limitations imposed by 
world-wide difficulties, efforts were made to 
normalize the service and, before the close of 
World War II, plans had been formulated to 
provide quick relief for the congested toll service 
between the most important Spanish cities; this 
construction was to be started once the war was 
over. 

'The toll routes of Spain were totally recon- 
structed approximately twenty years ago; they 
have been kept at an extremely high grade of 
maintenance and, having repaired the damages 
that resulted from the civil war of our country, 
at the end of the war we had available a toll 
plant consisting mostly of open-wire line in first- 
class condition. It was therefore decided that 
the first major relief to be given for a period 
of 3 to 5 years would be based on applying 
single-, 3-, and 12-channel carrier systems to 
existing open wire, this having the additional 
advantage that it required the minimum use of 
copper, which was in very short supply. 


In 1943, a plan was developed for the installa- 
tion of a number of SOJ 12-channel carrier 
systems, the installation of which is now well 
advanced. As a description of the over-all plan 
is beyond the scope of the present paper, we will 
limit the discussion to experiences during abnor- 
mal circumstances where the equipment worked 
successfully even though the operating margins 
for which it had been designed were considerably 
exceeded. 

The first route on which SOJ 12-channel 
carrier was applied was Madrid-Barcelona, via 
Valencia, this having been modified to provide 
the necessary transpositions so that a number of 
systems could operate on the same pole line. 
Three SOJ systems were cut into service between 
October, 1946, and January, 1947. 

There existed some apprehension that in the 
event of a major line failure we would be in 
serious difficulties, since there were no alternate 
routes for 12-channel carrier operation. Un- 
fortunately, this situation occurred in early 
March, 1947, when, as a result of exceptionally 
long-continued rains and melting snows, floods 
interrupted all types of communication in 
different parts of Spain. 

At the point indicated in the accompanying 
map, the Madrid—Barcelona route crosses the 
Jarama River with a 200-meter (656-foot) open- 
wire span. To obtain correct wire separation and 
proper transposition spacing, the wires were 
supported by three crossarm fixtures suspended 
at 50-meter (164-foot) intervals from messenger 
strands fastened to special H structures at each 
side of the river. The Н structures consisted of 
specially selected tall creosoted pine poles 
fastened to concrete bases located on the down- 
river side of the highway approaches to the 
bridge. In addition to wires, crossarms, and 
messenger strand, these poles supported a special 
strand to facilitate line maintenance over the 
river with the use of a lineman’s cable chair. 

The rising river flooded the valley and washed 
out some 200 meters (656 feet) of the eastern 
highway approach to the bridge, which remained 
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Left—The Jarama River crossing and the bridge as they originally appeared. The tall Н structures, shown anchored 
in concrete bases, were washed down, causing loss of SOJ line facilities between Madrid and Barcelona. Right—The 
frames, which provided for proper spacing and transposition of the line wires, were supported at 50-meter intervals on 
messenger strands. The bracket in the open space at the middle of the frame, and just below the top crossarm, sup- 
ported a messenger strand for linemen's cable chairs. 
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isolated. The force of the flood and the cutting 
of a new river channel caused the fall of the H 
structure at the eastern side of the bridge, and 
the line thus fell for a distance of nearly 600 
meters (1969 feet). 

The first indication of the river-crossing failure 
was observed at noon on March 5th, when the 
circuits on the lower arm and two pairs on the 
top arm were grounded. This put out of opera- 
tion one of the three SOJ systems, and left no 
spare transposed pairs for carrier. As a trial 
emergency measure, the out-of-service SOJ sys- 
tem was transferred to a Pinto-Cuenca pair of 
the second arm, and the Tarancon repeater of 
this SOJ system was cut out of service; this 
latter being necessary 
because no patching ar- 
rangements existed at 
Tarancon to make use 
of the circuit for SOJ- 
system operation. In 
spite of the difference 
in transmission levels, 
and the fact that the 
pair was not trans- 
posed for carrier fre- 
quencies, the three 
SOJ systems func- 
tioned satisfactorily on А 
this basis for seven 
hours until the rising 
river washed out the 
whole crossing. 

Consideration was 
immediately given to 
the use of some other 
line facilities for the 
"SOJ systems until such 
time as the normal 
route could be tem- 
porarily repaired. The 
only two possibilities 
were the Pinto-Aran- 
juez-Chinchon-Vil- 
larejo route (96 kilo- 
meters, or 59.7 miles), 
and the. Pinto-Aran- 
juez-Quintanar de la 
Orden-Tarancon route 
(156 kilometers, or 96.9 
miles), in which the 
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CABLE 19.6. АМ 


PINTO 
TERMINAL 


1000 METERS 
Of CABLE 


Aranjuez-Chinchon-Villarejo and the Quintanar 
de la Orden-Tarancon sections are secondary or 
almost rural routes. 

The emergency circuits were made up of 1000 
meters (3281 feet) of 0.4-millimeter (0.16-inch) 
subscriber cable, and various sections of 2- and 
3-millimeter (0.08- and 0.12-inch) copper open- 
wire line, partly on brackets. 

Patching to obtain through connections was 
made with rubber-insulated twisted-pair drop 
wire of 0.8-millimeter (0.32-inch) phosphor- 
bronze conductor, this being readily at hand. 
Work was carried out with difficulty as the 
area was flooded and most highways and roads 
were cut. Nevertheless, at 7:00 PM the same day, 
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Map of the area in which emergency measures were necessary. The heavy line indi- 
cates the routing of the Madrid-Barcelona SOJ systems. The light line and dashed 
Jines indicate a secondary or ruralroute, and the emergency interconnections, respectively. 
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an SOJ and a 3-channel system were placed in 
operation over the Pinto-Aranjuez-Quintanar 
de la Orden-Tarancon route, and at 3:00 the 
following morning, a second SOJ and a second 
3-channel system were operating over the Pinto— 
Aranjuez-Villarejo- Tarancon route, thus giving 
16 speech channels over each of the two emer- 
gency routes. No physical pairs were available 
for. the re-establishment of the third SOJ 
system. 

During these rerouting operations, prepara- 
tions were made for temporary repair of the 
break at the Jarama River crossing on the normal 
main route. Light barges were hauled by truck 
to the nearest bridge approach, and in the early 
hours of March 6th an attempt was made to 
cross the river, but this was suspended owing to 
whirlpools and debris and the swiftness of the 
current. 

At considerable personal risk and discomfort, 
line wire, drop wire, and sky rockets were partly 
carried and partly swum to the Pinto side of the 
bridge, which had remained standing like an 
island in the river. From there a line attached 
to a rocket was shot over the new 200-meter- 
widerriver channel to the Perales side. The rock- 
ets used were the largest that could be obtained 
of the type used in fireworks displays. Once this 
line was across, drop wires were pulled through 


View of the emergency lines on crossarms with diagonal 
brackets. The authors are in the foreground. 


this swift current and service re-established. 
It is interesting to note that with the passing 
of but one twisted pair across the river, 16 
speech circuits (12 SOJ-system, one 3-channel- 
carrier, and one voice-frequency) were obtained. 
In fact, as the SOJ system had been previously 
turned on and was ready for operation, at the 
moment of connecting one wire of the river- 
crossing pair to open-wire temporary termina- 
tion poles, all channels of the SOJ system com- 
menced to operate even though the other wire 
of the circuit had not yet been spliced, so demon- 
strating one of the peculiarities of this high- 
frequency carrier equipment. 

The emergency wire used in this temporary 
repair consisted of rubber-covered twisted pair 
with 0.8-millimeter phosphor-bronze conductor. 
Approximately 500 meters (1640 feet) of this 
wire were spliced into each pair of the damaged 
section, half the length being fastened to the side 
of the bridge and the other half supported in a 
ring run suspended from a messenger cable strung 
over the new river channel; the river span was too 
wide for the drop wires to be self supporting. 
For the carrier pairs, one twisted pair was used 
for each conductor, these being separated from 
each other and the other wires by about 15 centi- 
meters (6 inches) in the 250-meter (820-foot) 
section along the bridge. Separation between 
wires and circuits was, of course, impossible in 
the ring run over the new river channel. As 
each of these pairs were re-established, the three 
SOJ systems, as well as the other carrier systems, 
were transferred from their temporary rerouting 
back to this route; all functioned satisfactorily 
in spite of the impedance irregularity and close 
physical association of the wires at the crossing. 

The permanent rebuilding of the Jarama 
River crossing will take considerable time, and 
once the river has completely subsided, a pro- 
visional reconstruction is proposed. However, 
at the time of this writing (May, 1947), after two 
months of operation over the emergency river 
crossing, the three SOJ and four 3-channel 
carrier systems continue functioning without any 
abnormalities, and with scarcely any impairment 
in quality of service. It will, of course, be 
necessary to reinstate the affected line section 
to its former standards of construction in order 
to ensure continued and satisfactory service and 
to maintain the previous standards of low inter- 
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Ring run over the new 200-meter channel. In spite of the loss of wire spacing in each circuit, and the close 
proximity of all circuits, the SOJ and 3-channel systems operated satisfactorily. 


system cross talk under varying conditions of 
line attenuation with changes in weather. 

Our former fears as to difficulties which might 
be encountered in the use of SOJ 12-channel 
systems in the event of a major line break not 
only have been dissipated, but we have also 


found that the characteristics of the 12-channel 
carrier equipment make it possible to re-estab- 
lish a large number of communication channels 
over damaged line facilities with a speed difficult 
if not impossible to obtain where only voice- 
frequency equipment is available. 


Nickel-Iron Alloy Dust Cores* 


By 5. E. BUCKLEY 
Standard Telephones and Cables, Limited, London, England 


HE DEVELOPMENT of dust cores to 
meet the increasing demand for use in 
telecommunications equipment is out- 

lined. Requirements for such uses are defined, a 
high and constant permeability and low losses in 
the core being the most important. Amongst the 
materials used for dust cores described are elec- 
trolytic iron, Permalloy (nickel-iron), and molyb- 
denum-Permalloy. 

The constancy of permeability and its influ- 
ence on design, the question of calculating the 
dust-core permeability from inherent properties 
of the metal, and core losses are discussed ; some 
figures are given illustrating the result of reduc- 
ing core-loss coefficients over the course of dust- 
core development. 

The effective resistances at audio frequencies 
of dust-cored coils of various materials are 
compared. 


1. Performance Requirements of Magnetic 
Dust Cores 


The first large-scale uses of ferromagnetic 
materials in electrical engineering were princi- 
pally in equipment for the generation and 
distribution of electrical power. In these applica- 
tions, the use of magnetic material in sheet form 
in the construction of generators and trans- 
formers has been common practice for many 
years. With the continuous development of 
telephony and telegraphy, and related tele- 
communications systems, the scope of use of 
ferromagnetic materials was greatly increased. 
The performance required of magnetic materials 
in telecommunications equipment covers a very 
wide range and is often of a very specialized 
nature and the problems encountered are con- 
siderably more complex than those in power 
engineering. In this paper, the manner in which 
dust cores, more especially nickel-iron alloy 

* Reprinted from "Symposium on Powder Metallurgy," 


The Iron and Steel Institute, London, England, pp. 59-63; 
May, 1947. | 


dust cores, have been developed to meet some 
of these special requirements will be considered. 
The general requirements for a magnetic dust 
core are as follows. The core permeability must be 
reasonably high and must remain constant over a 
wide range of induced flux density, and also over 
a wide range of frequency. The permeability 
must remain constant with time, and the varia- 
tions due to temperature changes and to acci- 
dental overloads must be small. The total losses 
occurring in the core must be low, and in many 
instances it is important for the hysteresis loss 
to be especially small. The process of manu- 
facture has to be controlled so that the various 
requirements are all met within narrow limits 
of tolerance. In addition to meeting the electrical 
performance required, the cores must be suffi- 
ciently robust to withstand the subsequent 
handling entailed in such operations as coil 
winding, adjusting, impregnating, and potting. 
The manner in which the core performance re- 
quirements led to the development and com- 
mercial production of dust cores may be stated 
briefly. In order to reduce eddy-current losses 
in the core, subdivision of the magnetic material 
in a direction perpendicular to that of the mag- 
netic flux is necessary. The practical achieve- 
ment of this requirement is illustrated by core 
constructions in which the magnetic material 
takes the form of thin insulated laminations or 
fine wire. Although this construction results in a 
reduction of eddy-current losses it does not 
ensure constancy of permeability under the 
various conditions already mentioned. To obtain 
this constancy, the magnetic material must be 
subdivided to introduce air-gaps in a direction 
perpendicular to the plane of lamination; for 
example, in a ring core, radial air-gaps are neces- 
sary. Thus, for some applications, the core 
would need to be assembled from spaced sectors 
of material, the sectors consisting either of 
stacks of insulated thin laminations, or else of 
strands of insulated thin wire bonded together. 
This general type of construction is cumbersome 
and costly, although it was used at one time for 
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loading-coil cores for telephone lines. A more 
practical commercial solution to the problem 
was sought. 


2. Outline of Progress in Core Development 


It had been appreciated for a long time, as is 
shown by a suggestion made by Неауіѕійе, in 
1887, that a core composed of finely divided iron 
insulated, for example, with wax might exhibit 
the desired properties. Although cores of this 
type can have low losses and other desirable 
characteristics, the permeability obtainable is 
very low. It was not until the advantages of 
using forming pressures of the order of 100 tons 
per square inch were demonstrated, that the 
large-scale production of high-permeability dust 
cores was achieved. This development by the 
Bell Telephone Laboratories in America was 
given impetus during the first World War, 
when the supply from Europe of diamond dies 
for the drawing of fine iron wire was stopped, 
and hence the production of iron-wire cores was 
jeopardized. 


3. Electrolytic-Iron Dust Cores 


The outline of the core technique then de- 
veloped was as follows. Pure iron was deposited 
electrolytically under conditions which yielded 
a brittle product. The brittle iron was ball-milled 
to produce iron powder, which was next coated 
successively with zinc and shellac, and then 
pressed at about 100 tons per square inch into 
cores of permeability 35. The cores thus obtained 
had losses which were low enough for the cores 
to be used in loading (Pupin) coils for insertion 
in telephone-cable circuits and in other high- 
quality coils included in telephone-circuit equip- 
ment. The type of core which had previously been 
used consisted of fine iron wire wound into to- 
roidal form and then cut radially to introduce 
stabilizing air gaps. The performance of the 
dust. cores was greatly superior to that of the 
wire cores. 


4. Permalloy Dust Cores 


After the publication, in 1923, of Arnold and 
Elmen’s? paper on Permalloy, the magnetic 


1 О, Heaviside, The Electrician, р. 302; February 11, 1887. 

2 B, Speed and С. W. Elmen, Transactions of the Ameri- 
can Institute of Electrical Engineers, v. 40, p. 596; 1921. 

3H. D. Arnold and С. W. Elmen, Journal of the Franklin 
Institute, v. 195, n. 5, p. 621; 1923. 


properties of nickel-iron alloys attracted con- 
siderable attention. It had been demonstrated 
that after suitable treatment, including especial 
care in-heat treatment, these alloys exhibited 
much higher permeabilities and yet a much 
lower hysteresis loss than previously known 
materials. Since the nickel-iron alloys in sheet 
form had such excellent properties, the possi- 
bility of obtaining improved dust cores by using 
the alloys in dust form was apparent. Various 
methods of producing alloy powders have been 
suggested. However, it is important to remember 
that the magnetic properties of a metal or alloy, 
in common with many other physical properties, 
are determined by the crystalline structure of 
the material as well as by its chemical composi- 
tion. Thus, in many instances, a material which 
exhibits good magnetic properties when in the 
solid form may be reduced to powder but, owing 
to the treatment involved in the powdering 
process, the magnetic properties are completely 
changed. Hence the process must be developed 
to produce powder which retains as far as possible 
the inherent magnetic properties of the solid 
material. A number of processes were investi- 
gated for the production in powder form of 
nickel-iron alloys containing approximately 80 
per cent of nickel. The first of these methods for 
large-scale production is described in a paper by 
W. J. Shackelton and І. С. Barber,’ published in 
1928. Nickel and iron are melted together and a 
controlled amount of sulphur is allowed to 
remain in the melt so that when the ingots are 
subsequently hot-rolled, and then allowed to 
cool, a thin layer of sulphide separates out at the 
grain boundaries. The relative proportions of 
manganese and sulphur in the material must’ be 
so arranged that the alloy is sufficiently malleable 
to roll while hot, and yet sufficiently brittle on 
cooling for slabs 1/4 inch in thickness to be 
readily broken up. Fig. 1 is a photomicrograph 
showing the polygonal crystals separated by the 
sulphide layer. On pulverizing the slab, disinte- 
gration occurs at the grain boundaries so that 
the particles of powder correspond generally to 
the crystals seen in the slab. Fig. 2 shows the 
appearance of the particles and confirms how 
they resemble the grains in the structure shown 

4W. J. Shackelton and I. С. Barber, Transactions of the 


American Institute of Electrical Engineers, v. 47, p. 429; 
1928. 
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Fig. 1—Section of brittle molybdenum- Fig. 2—Molybdenum—Permalloy Fig. 3—Section of pressed molybdenum— 


Permalloy. 


in Fig. 1. Since the alloy has been work-hardened 
in the pulverizing process, it is annealed before 
proceeding to the stages of insulating and press- 
ing. During the anneal some sintering occurs, but 
the original state of fineness is restored by light 
repulverizing. The annealed powder is next 
insulated by coating the particles with a thin 
layer of ceramic-type material which must with- 
stand the subsequent pressing and core-anneal- 
ing operations without rupturing. The insulated 
powder is pressed into cores at pressures up to 
100 tons per square inch. The cohesion of these 
cores is derived mainly from the interlocking of 
the particles but, as already stated, the insulat- 
ing layer must withstand this distortion during 
pressing. The high pressure which is necessary 
to produce close packing of the particles ad- 
versely affects the magnetic properties of the 
core, so that annealing of the pressed core is 
necessary in order to develop the desired proper- 
ties. From powder containing approximately 
80 per cent of nickel, dust cores of permeability 
100 were produced. Although this permeability 
was much higher than that of the electrolytic- 
iron dust cores, the losses in the alloy dust cores 
were considerably lower, thus enabling a con- 
siderable reduction in core size to be made for a 
given coil performance. 


5. Molybdenum-Permalloy Dust Cores 


Further development of alloys of the Perm- 
alloy type in sheet form led to the development 
of nickel-iron alloys containing small percentages 


dust. 


Permalloy dust core. 


of other elements. Thus 3.5 molybdenum- 
Permalloy, containing 3.5 per cent of molyb- 
denum, has a higher initial permeability than 
the straight nickel-iron alloy, and has the addi- 
tional advantages of lower hysteresis and lower 
eddy-current losses. Moreover, the heat treat- 
ment of molybdenum-Permalloy is. much simpler 
and less critical than that of the straight alloy. 
The same general principles that were used for 
making 80-per-cent nickel-iron alloy dust cores 
were applied to making cores of 2:81 molyb- 
denum-nickel-iron.* A number of improvements 
in the process were introduced and cores of 
permeability 125 were developed. Despite the 
higher permeability, the characteristics of these ` 
cores are superior in all respects to those of the 
previous type of permeability 100. 

A section of a pressed dust core is shown in 
Fig. 3. Comparison with Figs. 1 and 2 shows the 
progressive stages by which the grains of the 
original solid material proceed through pulveriz- 
ing to the final insulated and pressed state. 
The average particle size in the соге is 0.002 inch. 


6. Constancy of Permeability of Dust Cores 


Fig. 4 compares the change of permeability 
with applied magnetizing force of sheet materials 
with corresponding dust cores. There has been 
considerable discussion as to the calculation of 
dust-core permeability from the inherent proper- 

5 С, W. Elmen, Journal of the Franklin Institute, v. 207, 
p. 583; 1929, 


5 V. E. Legg and Е. J. Given, Transactions of the Ameri- 
can Institute of Electrical Engineers, v. 59, p. 865; 1940. 
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ties of the material.” Although the matter is not 
yet finally settled, the following elementary 
treatment gives a good illustration of the effect, 
and claims to be no more than an illustration. 

Let the relative length of magnetic particles to 
insulating material effective in the direction of 
the magnetic flux in the соге be /:a. Let the 
permeability of the solid material be ш: and the 
permeability of the dust core be u. Then, by 
the usual reluctance relationship for the mag- 
netic circuit, 


Ene Кы 
н m 
From this, 
una). 
Lag 


If the effective ratio of /:0 is 100: 1, the following 
corresponding values of solid-material and dust- 
core permeabilities would result: 


10,000 100,000 
100 101 


Solid Material: 1000 
Dust Core: 92 


7G. W. О. Howe, Wireless Engineer, v. 23, р. 291; 
November, 1946. 
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Fig. 4—Variation of permeability with magnetizing 
field for sheet and dust-core materials. 
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Fig. 5—Variation of permeability with frequency of thin 
molybdenum-Permalloy tape and dust core. 


As already. stated, the treatment given here ‘is 
approximate only, and for further consideration 
the reference already quoted may be consulted, 
but the general manner in which the gap ratio 
has a stabilizing effect on the permeability of the 
dust core is demonstrated. 

Similarly, Fig. 5, which compares the change 
with frequency of the permeability of thin tape 
material with that of a dust core, illustrates the 
stabilizing effect of the gaps. 


7. Core Losses of Dust Cores 


In electrical power engineering it is usual to 
express the magnetic core losses in the form of 
watts loss. per pound or per kilogramme. In 
communications engineering, interest is usually 
centred on the effective resistance in ohms of a 
coil, so that an expression of core losses in the 
form ohms per henry (inductance) is generally 
used. It has been established*? that the core 
loss of a dust core, or of a sheet magnetic material 
at low flux densities, may be expressed in the 
form 


Am (Bn 0f Hef, 


8 V. E. Legg, Bell System Technical Journal, v. 15, p. 39; 
1936. 

9H. Jordan, Elektrische Nachrichten- Technik, v. 1, p. 7; 
1924. 
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where AR=core loss in ohms, 
и = соге permeability, 
L —inductance іп henries, 
f frequency in cycles per second, 
а — hysteresis coefficient of core loss, 
c— residual coefficient of core loss, 
e=eddy-current coefficient of core loss, 
B,-maximum flux density induced in 
the core. 


The progress which has been made in reducing 
core-loss coefficients in the successive stages of 
dust-core development is shown in Table I. 


TABLE I 
; ; ddy- 
Hysteresis} Residual 
: Perme- Current 
1 "m Loss, Loss, 

Materia ability | р X10: 2 50168 EA 
Electrolytic-iron dust 35 49 109 88 
80:20 Permalloy dust 100 5.0 60 30 
2:81 molybdenum- 125 1.2 32 22 

Permalloy dust 


The reduction of hysteresis and residual losses is 
due to improvements in the magnetic quality 
of the materials. The reduction of eddy-current 
loss arises from higher electrical resistivity of the 
alloys. 


8. Resistance Characteristics of Dust- Cored 
Coils 


Fig. 6 shows the relative values of effective 
resistance at audio frequencies of coils wound on 
equal-sized cores (30 cubic centimetres) of the 
different materials. The great improvement ob- 
tained by using Permalloy cores is very apparent. 
It would be possible to design a coil on an electro- 
lytic-iron dust core to have a direct-current 
resistance equal to that of the molybdenum- 
Permalloy dust-cored coil, but this would require 
the iron-dust core to be almost ten times as large. 
However, apart from direct-current resistance 
there are other considerations of very great 
importance. For many coil designs it is essential 
to restrict the hysteresis loss to a very low value. 
For equal hysteresis loss, the volumes of an 
iron-dust core and a molybdenum—Permalloy 
dust core would be in the ratio of 30:1. In prac- 
tice, this means that in some applications it is 
now possible to use a dust-cored coil where pre- 
viously no reasonable design was available. The 
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Fig. 6—Comparison of effective resistance at audio 
frequencies of dust-cored coils. All cores are 30 cubic 
centimetres in volume; coil inductance = 100 millihenries. 
(1), Electrolytic iron dust, permeability =35; (2), 80:20 
Permalloy dust, permeability = 100; (3), 2:81 17 molybde- 
num-Permalloy, permeability = 125. 


usual procedure in replacing coil designs in the 
improved materials has been to produce im- 
proved coil performance combined with reduced 
size. 


9. Influence of Core Капле on Coil 
Design 


Fig. 7 illustrates the resistance characteristics 
of coils wound on 30-cubic-centimetre cores of 
molybdenum-Permalloy of two permeabilities, 
125 and 50. It will be noted that although the 
core losses of the 50-permeability core are ap- 
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Fig. 7—Effective resistance at audio frequencies of 
molybdenum-Permalloy dust-cored coils. All cores 30 
cubic centimetres in volume; coil inductance = 100 milli- 
henries. (1), core permeability = 125; (2), core perme- 
ability = 50. 
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preciably lower than those of the 125-permeabil- 
ity core, the effective resistance of the former 
coil is considerably higher over the frequency 
range shown. The higher value is mainly due to 
the higher direct-current resistance. In order to 
reduce this resistance to that of the other coil, 
the core size would have to be increased by 
four times. This example shows the great im- 
portance of high-permeability cores. of low loss 
in obtaining low-resistance coils of small size for 
audio-frequency use. 

It is apparent from Fig. 7 that, although the 
two curves do not cross below 3 kilocycles, they 
will cross at a higher frequency above which 
the lower-permeability coil will have the better 
characteristics. Thus, when it is required to 
produce coils for use at various frequencies, it 
becomes necessary to produce cores of more than 
one permeability in order to cover the frequency 
range adequately. A measure of coil quality, 
that is often used and that enables the com- 
parison of core materials to be shown con- 
veniently on one graph for a wide frequency 
range, is the Q factor. The Q of a coil is the quo- 
tient of the coil reactance divided by the effective 
resistance, thus, Q=wL/R, and a high value of 
О denotes a good coil. Fig. 8 shows the variation 
of Q with frequency for coils wound on 30-cubic- 
centimetre cores of various permeabilities. The 
magnetic material used throughout was molyb- 
denum-Permalloy, and the general principles 
of coil manufacture are the same, the various 
permeabilities being obtained by different de- 
grees of dilution of the core with nonmagnetic 
material. It will be seen that the 125-permeability 
core is best in the range up to 5 kilocycles, the 
50-permeability core for the range 5-15 kilo- 
cycles, the 25-permeability core for 15—50 kilo- 
cycles, and the 13-permeability core from 50 
kilocycles upwards. 
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Fig. 8—0 values of coils on molybdenum-Permalloy 
dust cores of various permeabilities. All cores 30 cubic 
centimetres in volume; coil inductance range=10-20 
millihenries. core permeabilities: (1)=125, (2)=50, 
(3) 225, and (4) = 


10. Summary 


This paper deals essentially with the proper- 
ties of nickel-iron alloy dust cores made by the : 
methods described. It is appreciated that there 
are other methods" by which alloy dust cores 
may be produced, and some information on these 
methods is already published. There is also a 
considerable range of low-permeability magnetic- 
dust cores produced by methods based on the 
general principles of plastic moulding. Informa- 
tion on these cores, which are widely used at 
radio frequencies, is also available from publica- 
tions. 
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Very-High-Frequency Single-Channel Receiver 


By W. С. LANE and Т. С. CLARK 
Federal Telephone and Radio Corporation, Newark, New Jersey 


NCREASED traffic at the major airports 
and the greater coverage required of airline 
enroute communications have shown the 
need for an improved very-high-frequency crys- 
tal-controlled ground-station receiver with high 
rejection of unwanted signals and good sensi- 
tivity. The receiver designed for these require- 
ments operates on a single pretuned frequency in 


the range of 118 to 136 megacycles per second, 
and employs a 14-tube superheterodyne circuit, 
incorporating automatic-volume-control, squelch, 
and noise-limiter circuits. Low cost, small size, 
high quality, performance, and an easily service- 
able unit were the points stressed in this de- 
sign. Field tests indicate the effectiveness of the 
design. 


Fig. 1—Front (lower) and rear (upper) views of receiver. The receiver is designed for relay-rack mounting, and 
a panel with a cut-out for access to the controls fastens over the front. The radio-frequency stages are shielded in 


compartments (at the right). 
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I. Physical Characteristics 


Mechanically, the receiver will mount in any 
standard relay rack and, since tubes and trans- 
formers are mounted horizontally at the rear, 
tube replacements and all tuning adjustments 


RADIO- 
FREQUENCY 
AMPLIFIER 

9003 


RADIO- 
FREQUENCY 
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9003 


CRYSTAL 
OSCILLATOR 


SRÉGUERGY AUDIO- POWER 
FREQUENCY AMPLIFIER 
MULTIPLIER OUTPUT 6AK6 


6J6 


2.1 RADIO-FREQUENCY STAGES 


Because of the relatively low intermediate 
frequency, which was necessary to achieve the 
required selectivity, it was found desirable to 
incorporate two double-tuned radio-frequency 


INTERMEDIATE- INTERMEDIATE- INTERMEDIATE- 
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AMPLIFIER AMPLIFIER AMPLIFIER 
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AUDIO- NOISE LIMITER 
FREQUENCY AND SQUELCH DETECTOR 
AMPLIFIER 6SL7 6ALS 
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Fig. 2—Block diagram of single-channel 118-136-megacycle receiver. Squelch and noise-limiter stages improve 
the usefulness at airports, where there is generally considerable electrical noise. 


can be made with a minimum of effort. The front 
panel is removable (Fig. 1) to facilitate inspec- 
tion and repair without taking the receiver from 
the rack. Operating controls are mounted on a 
subpanel immediately behind a cutout in the 
front panel, and include an audio-frequency gain 
control, radio-frequency gain control, power on- 
off switch, squelch on-off switch, pilot lamp, and 
phone jack. Fig. 1 shows the unit-type construc- 
tion employed. i 


3. Electrical Characteristics 


Every effort was made in the design to use 
conventional and straightforward circuits in 
achieving the high-performance characteristics 
required. Fig. 2 is a block diagram of the receiver. 
The sensitivity of the prototype model was 0.7 
microvolt for 50-milliwatts output at a 10-decibel 
signal-to-noise ratio. The image response was 
found to be down 86 decibels at the high-fre- 
quency end of the band, and the spurious re- 
sponses resulting from oscillator harmonics were 
down 94 decibels or more. 


stages and a tuned antenna stage to attain high 
image rejection. The coils are constructed of 14- 
American-Wire-Gauge silver-plated copper wire, 
and are self-supported on the variable air 
capacitors for the shortest lead lengths and to 
obtain the highest Q. The 9003-type tube is 
chosen for radio-frequency amplifier, partly 
because of characteristic, 
which makes it readily adaptable to automatic- 
volume-control application, and also because of 
the small input loading. As an indication of the 
importance of input loading at these frequencies, 
two 9003's and а 6AKS5 (used as amplifiers and 
mixer, respectively) were used to replace two 
6BA6's and a 6AGS. With the tubes biased to 
the same transconductance and with the same 
coupling coefficient, the gain then increased 
6 decibels and the image rejection improved 
15 decibels. 

Small baffle shields isolating the plate and 
grid pins at the tube sockets and a high degree 
of shielding between stages are necessary to 
minimize regeneration, and this allows an over- 
all radio-frequency gain of 140 to be attained, 


its remote-cut-off 
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The bias on the radio-frequency tube gridsiskept frequency noise currents that were amplified 


at the lowest permissible value to obtain the 
optimum signal-to-noise ratio. 


by the sensitive receiver to produce objection- 
able noise output. 
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Fig. 3—Schematic of the radio-fre- 
quency stages and local oscillator. Conges- 
tion of the radio spectrum at airport 
locations requires good image rejection, 
sensitivity, stability, and selectivity. 


2.2 OSCILLATOR, MULTIPLIER, AND MIXER 


The oscillator circuit (Fig. 3) is of the tuned- 
plate tuned-grid type; insertion of the proper 
crystal in the grid circuit will permit oscilla- 
tion between 27.9 and 32.4 megacycles. The 
third-harmonic-type crystal is mounted in an 
unheated CR-1 holder and has an over-all fre- 
quency tolerance of 0.005 percent between 
temperature limits of —25 and +75 degrees 
centigrade (—13 and +167, Fahrenheit). 

A third-mode crystal, with a built-in thermal 
unit to keep the crystal at a constant tempera- 
ture, was employed on a previous model. This 
did not prove successful, since the opening and 


closing of the heater contacts set up radio- 
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A twin-triode tube, type 6J6, is used for the 
oscillator and multiplier. The crystal frequency 
is multiplied four times in a single stage, and is 
applied to the mixer grid through a 1-micro- 
microfarad coupling capacitor. Because of the 
high fundamental crystal frequency involved, the 
undesired third and fifth harmonics generated 
in the oscillator and quadrupler, and which are 
present at the mixer grid by an amount depend- 
ent оп the quadrupler plate-circuit selectivity 
and the crystal activity, are far removed in 
frequency from the desired fourth harmonic. 
Thus, with the aid of the front-end selectivity, 
the spurious responses due to oscillator harmonics 
were practically eliminated. The oscillator funda- 
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mental and harmonic radiation is kept to a low 
value by proper shielding of the oscillator and 
quadrupler stages, and by filtering the power- 
supply leads to the compartment with button- 
mica feed-through capacitors. The radiation 
from the prototype model, as measured across 
the 50-ohm input circuit, was strongest at a 
frequency of 129.675 megacycles, for the channel 
frequency of 136 megacycles, and this was only 
100 micromicrowatts. 

The 6AK5 mixer operates with only 50 volts 
on the screen grid so that the injection voltage 
from the quadrupler may be small, but sufficient 
conversion gain may be obtained. The percentage 
of noise introduced by the mixer tube is negligible 
due to the high amplification preceding it. 


2.3 INTERMEDIATE-FREQUENCY AMPLIFIER 


The intermediate-frequency amplifier design 
was dictated by several considerations of selec- 
tivity: Present frequency allocations assign 
channels 200 kilocycles apart, so with the 
allowable combined drift of the transmitter and 
receiver, the bandwidth at the 6-decibel attenua- 
tion points must not be less than 48 kilocycles. 
In the event of 100-kilocycle channeling, the 
selectivity curve should afford at least 60 decibels 
of discrimination against an adjacent channel, 
which requires that the bandwidth at 60 decibels 
attenuation be no more than 180 kilocycles. 
By incorporating four double-tuned transformers 
in three 6.325-megacycle stages, the selectivity 
curve shown in Fig. 4 is obtained. A shape factor 
(which is the ratio of the bandwidth at 60 deci- 
bels to the bandwidth at 6 decibels) of 2.88 is 
indicated. Three remote-cut-off 6BA6 tubes are 
used in this system. 

With the limitations imposed by present and 
possible future channel assignments, it is im- 
portant that the intermediate-frequency system 
have a greater frequency stability than the 
preselector with regard to shifts of center fre- 
quency and bandwidth with changes in tem- 
perature, bias, line voltage, etc. In the design of 
this amplifier, iron-dust-core transformers with 
fixed silver-mica capacitors have been incorpo- 
rated, and a high degree of temperature stability 
has been obtained. The center-frequency shift of 
the 6.325-megacycle intermediate-frequency sys- 
tem with a change in temperature from 0 to 


40 degrees centigrade (+32 to +104 degrees 
Fahrenheit) is found to be less than 5 kilocycles. 
Due to the large tuned-circuit capacitance of 250 
micromicrofarads, the Miller effect with gain- 
control bias variations is minimized and the cen- 
ter frequency shifts less than 4 kilocycles with 
a 60-decibel change in gain and a variation of 
+10 percent in line voltage. 


2.4 AUTOMATIC-VOLUME-CONTROL SYSTEM 


The output of the automatic-volume-control 
amplifier is designed to regulate the grid bias 
of the two radio- and three intermediate- 
frequency stages in order that the output of the 
receiver will remain essentially constant with 
inputs between 2 microvolts and 0.1 volt (Fig. 
5). Below the threshold value, the automatic- 
volume-control amplifier is cut off, so that 
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Fig. 4—Intermediate-frequency selectivity character- 
istic. Possible future assignment of 100-kilocycle channels 
in the band requires a steep slope at the sides of the curve. 
Center frequency is 6.325 megacycles. 
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Fig. 5—Automatic-volume-control characteristic. Because of the generally low power of aircraft transmitters, 
and their widely variable distance from the receiver, the design must prevent loss of weak signals and blocking 
on the stronger ones. Zero level is 6 milliwatts in 600 ohms. { 


maximum receiver sensitivity prevails below 
the 2-microvolt level. This characteristic permits 
relatively weak signals to deliver a zero-level 
audio-frequency signal into a telephone line for 
remote operation. This feature is intended to 
preclude any need for remote radio-frequency 
gain control, although provision for that control 
is incorporated to provide for a remote squelch 
control. 


2.5 NOISE LIMITER AND SQUELCH 


The. noise-limiter circuit employed in this 
receiver is a very effective means of suppressing 
ignition noise, static, and other forms of recurrent 
pulses without distorting the audio-frequency 
signal. Fig. 6 shows the circuit, including the 
squelch, in schematic form. The theory of opera- 
tion is explained as follows. 

Under steady carrier conditions and with the 
squelch switch in the off position, the plate 
‘voltage of Vi is more positive than that of V2, 
and therefore diodes V3 and V4 conduct. The 
relatively low impedance of diode V4 allows the 
audio-frequency voltage to pass to the amplifier. 
Upon the application of a sharp noise pulse, the 
plate voltage of V2 increases, but the plate 
voltage on V1 remains momentarily constant due 
to the time constant of R5 and C2 in the grid 
circuit of V1. When the plate voltage of V2 ex- 
ceeds the plate voltage of V1, diodes V3 and V4 
block, and the audio-frequency voltage is cut off 
for the duration of the pulse. An accelerating 
action, which tends to speed the blocking of the 
diodes, results from C1 and R6. 


The rectified noise pulse develops a negative 
voltage at the plate of V4 and a more positive 
voltage on the cathode of V3, so that a fast 
blocking is obtained. When this occurs, the 
audio-frequency voltage at that instant will be 
held constant across C3, as there is no path for 
discharge. When the diodes again conduct, due 
to the decay of the noise pulse, the voltage across 
C3 will then follow the instantaneous level. This 
provides a continuous audio-frequency signal 
with very little noise. 

Voltage divider R2 permits adjustment of the 
clipping level for modulation peaks from 60 to 
100 percent. Although this control is normally 
set to pass a 100-percent-modulated wave, it is 
sometimes desirable in excessively noisy locations 
to improve the effectiveness of the noise limiter 
by reducing the bias on the grid of V1. This will 
tend to introduce distortion on highly modulated 
signals, but an improved signal-to-noise ratio 
will result and may be the more desirable. 

By the addition of resistor RIO in the plate 
circuit of V1, an inherent squelch action is ob- 
tained ; with no signal input, the plate voltage of 
V1 is lower than that of V2 (because of the differ- 
ent values of plate-load resistance), and the 
diodes do not conduct. Upon arrival of a carrier 
of predetermined strength, dependent upon the 
amount of gain, the bias on V1 becomes higher 
than the bias on V2, causing more voltage to 
appear at the plate of V4 than at the cathode of 
V3, and the diodes conduct. 

The radio-frequency gain control incorporated 
in the receiver allows control of the squelch for 
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signal inputs ranging from 1.5 to 1000 micro- 
volts. This is an advantage to control-tower 
operators who want a muted receiver at noisy 
sites when no signal is on their frequency; they 
can adjust the gain control to bring a given noise 
level to the threshold of the squelch and still 
be confident of receiving weak signals. 


2.6 OUTPUT CIRCUIT 


The audio-frequency amplifier system is capable 
of delivering a maximum of one watt into a 600- 
ohm output impedance. The audio-frequency 
fidelity is designed for speech operation and is 
flat to within +3 decibels from 350 to 3500 cycles 
per second. The output transformer has a split- 
and-balanced second- 
ary to provide maxi- 
mum flexibility of 
load connections. 

By simplexing the 
grid bias of the five 
gain-controlled tubes 
on the output circuit, 
the radio-frequency 
gain and squelch may 
be controlled remotely 
over a telephone line. 
Simplexing is a term 
meaning a system 
whereby a single 2- 
wire physical circuit 
may be made to 
carry independent 
direct-current and 
alternating-current 
signals; separation of 
these components 
being accomplished at 
the terminals by 
proper arrangement 
of inductances and 

capacitances. 

_ A monitoring phone 
jack is connected 
across one section of 
the output-trans- 
former secondary in 
order that the moni- 
toring may be ac- 
complished at the 
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local installation independently of all external 
connections. | 


3. Field Test 


The receiver has been installed and operated 
successfully in many control towers of major 
airports. In the Chicago airport control tower, 
sensitivity checks were made with Civil Aero- 
nautics Administration cooperation. An outgoing 
plane flying at 4000 feet called the tower every 
five minutes. Due to heavy construction work in 
progress at the airport, a 5-microvolt noise level 
was induced in the antenna. The noise limiter 
incorporated in the receiver was so effective that 
signals from the plane’s 5-watt transmitter were 


Fig. 6—Squelch and noise-limiter cir- 
cuit. The circuit functions to disable the 
audio-frequency path during the period of 
a noise pulse. 
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received from a distance of more than 120 miles 
with a good signal-to-noise ratio. 

In order to determine, under practical operat- 
ing conditions, the effectiveness of the receiver 
selectivity in rejecting signals 100 kilocycles off 
resonance, field tests were arranged with the 
cooperation of American Airlines Incorporated. 
An antenna installed on the Lincoln Building 
(750 feet high) in Manhattan, was connected by 
about 50 feet of Type RG-8/U cable to the 
receiver, which was tuned to 126.7 megacycles. 
Carriers received from LaGuardia Airport (8 
miles away), where a 50-watt transmitter was 
operating on 126.7 megacycles, developed a sig- 
nal of approximately 1200 microvolts at the 
receiver input terminals. An identical receiver, 
adjusted for 126.8 megacycles, was then sub- 
stituted. Due to the high order of adjacent- 
channel attenuation, no signal was heard on 
this receiver even though the squelch circuit was 


rendered inoperative and the receiver gain was 
at maximum, 

Using the same receiving-antenna installation, 
the test was repeated under more severe condi- 
tions by using a 50-watt transmitter (126.7 
megacycles) installed in the Lincoln Building. 
The spacing between the transmitting and re- 
ceiving antennas was about 100 feet. This trans- 
mitter developed over 0.2 volt at the receiver 
input terminals. No blocking of the 126.7- 
megacycle receiver was noted. When the 126.8- 
megacycle receiver was substituted, an output 
signal equivalent to that produced by a 70- 
microvolt signal at resonance was obtained. 
Hence, the adjacent-channel selectivity at- 
tenuated the 126.7-megacycle 0.2-volt signal by 
more than 70 decibels. These test results there- 
fore confirmed the laboratory measurements, 
and demonstrated the effectiveness of the radio- 
and intermediate-frequency amplifier design. 


High Gain With Discone Antennas* 


* Ву A. С. KANDOIAN, W. SICHAK, and В. А. FELSENHELD 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


XTENSION of work on discone-type 


antennas, originally presented before the: 


Institute of Radio Engineers in 1945, is 
described. Since that time, these antennas have 
been developed for a large number of applica- 
tions. Of particular interest are those applica- 
tions that require high gain over a very broad 
band of frequencies. Detailed data are given on 
several designs, particularly on unidirectional 
antennas for point-to-point communication and 
omnidirectional high-gain antennas for the dis- 
tance-measuring equipment (DME) of the Navar 
series of aids to aerial navigation. 

At frequencies above about 30 megacycles per 
second, it is possible to produce, conveniently 
and economically, a great deal of directivity of 
radiation. For some services, high-gain antennas 
must also provide omnidirectional radiation in 
the horizontal plane. The amount of antenna 
power gain obtainable is then limited because 
concentration of only the vertical radiation is 
permissable. 

‘Such antennas have been developed and widely 
used in very-high-frequency broadcasting and in 
radar beacons in the ultra- and super-high- 
frequency spectra. As a rule, however, the band- 
width requirements have been relatively small. 
For most applications, horizontal polarization 
has been used. 


1. Omnidirectional High- Gain Broad-Band 
Antenna 


The present antenna development was under- 
taken for the ground station of the Navar 
distance-measuring equipment (DME). Among 
the requirements specified were a frequency 
range of 960 to 1215 megacycles, vertical polari- 
zation, omnidirectional horizontal radiation pat- 
tern, power gain of approximately 8 over a half- 
wave dipole, and a beam direction tilted up 
approximately one-half beam width with respect 
to the horizon over the complete frequency range. 

* Presented, National Electronics Conference, Chicago, 
Illinois, November 4, 1947. Reprinted from Proceedings of 
the National Electronics Conference, v. 3, pp. 336—346; 1947: 


figures 12, 13, and 14 were not included in the original 
publication. 


There were also mechanical and service require- 
ments common to such applications. 

The basic radiating unit selected to meet these 
requirements is the discone antenna, which 
in itself is an omnidirectional vertically polarized 
radiator with broad-band characteristics well in 
excess of the present requirements. By stacking 
a number of discones, one above the other, and 
supplying them with equal power in proper 
phase, the vertical pattern may be compressed 
and, hence, the over-all antenna gain greatly 
increased. An array of this type of nine discones 
is shown in Fig. 1. : 

The radiation pattern of such an array is 
given by 


; iS. Ф 
sin „(5 sin s-$) 
sin (5 sin 8—5) 


where 8 — vertical angle, zero at the horizon, 
n =number of discones, 
S°=spacing between successive radiators 
in electrical degrees, and 
$-phase difference between successive 
radiators. 


F(8)2zcos 8 


When all the radiators are operated in phase, 
ф is zero and F(@) is maximum for 8 —0; that is, 
the radiation is always maximum in the hori- 
zontal direction. Fig. 2 shows a calculated pat- 
tern of such an array of 9 stacked elements. The 
power gain of an array of stacked discones is 
essentially the same as for an array of stacked 
horizontal loop antennas as given in reference 1. 

Energizing a number of radiators in phase 
can be accomplished in many ways for a fixed 
frequency or a limited frequency band. Over a 
large frequency range, this may only be accom- 
plished by making all the transmission lines to 
the individual radiators of equal length. This 
makes the relative phase of the currents in the 
various radiators equal and independent of 
frequency. 

1А, G. Kandoian, "Three New Antenna Types and 
Their Application," Proceedings of the I.R.E., v. 34, pp. 


70W-75W; February, 1946: Also, Electrical Communica- 
Hon, v. 23, pp. 27-34; March, 1946. 
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Fig.-1—Discone array used for the distance-indicator 
function of the Navar system. Consisting of 9 discone 
radiators stacked vertically, this omnidirectional antenna 
operates anywhere within the range of 960 to 1215 mega- 
cycles. The mountings and supporting rods are constructed 
of fibre-glass, as are the covers standing at the sides of 
the array. 


In the present case, it is desired to tilt the 
pattern approximatély one-half beam width 
above the horizon throughout the frequency 
range. This may be accomplished by supplying 


шананын 


Fig. 2—Calculated vertical radiation pattern of a stack 
of 9 discones all energized in phase; 
sin [n(140 sin 8) ] 
FGS . 
(B)<e0s $ sin [140 sin 8] 


equal power to all the radiators as before, but 
successively delaying the phase of the current in 
each element from the bottom to the top. This 
relative phase is represented by $ in (1). The 


. value of ¢ for a given tilt of pattern is 


ф = 5° sin br, (2) 


where Вт is the tilt of the beam with respect to 
the plane perpendicular to the antenna axis. 
This is derived simply by maximizing (1). 

Thus, to produce a tilt in the beam direction 
of 3.5 degrees and for spacing S° equal to 280 
degrees between successive discones, a phase 
stagger of $—15 degrees is obtained. Fig. 3 
shows the calculated pattern of such an array of 
9 discones. | 

This establishes the basic theory of a high- 
gain omnidirectional antenna whose beam direc- 
tion may be shifted electrically. 

To reduce this to practice, first let us consider 
the simpler problem of an omnidirectional broad- 
side antenna without beam tilting. The major 
problem is to divide the available power equally 
among a large number of elements and keep the 
currents in phase over a wide frequency range. 
This is accomplished in the present case by mak- 
ing the input impedance of each radiating ele- 
ment equal to the surge impedance of some 
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standard RG-type cable. The discones used in 
this array meet this requirement very well in 
that when used with RG-8/U cable they have a 
mismatch of less than 1.2 over a frequency range 


Fig. 3— Calculated vertical radiation pattern for array of 
Fig. 1 operating at 1087 megacycles; 


‘sin «(S sin 8-5) 


F(g)zcos 8 ——7s—— —Àá : 
Ш sin È sin 8-5) 


and ф = 8° sin бт. 


much larger than 960 to 1215 megacycles. The 
individual feeders are all connected in parallel 
at a common junction box and then transformed 
back to 50 ohms impedance by a simple quarter- 
wave transformer. The bandwidth limitation of 
the array is now determined by the quarter-wave 
transformer, rather than the radiators themselves 
and, wherever justified, larger bandwidths could 
be obtained by multiple sections or exponential 
transformers. 

The next step, that of tilting the beam above 
the horizon, is now very straightforward. All it is 
necessary to do is to make successive lengths of 
RG-8/U cable leading from the common junc- 
tion box to the individual discones such that 


each one is 15 degrees longer than the one below: 


it. This amounts to a length differential of only 
three-tenths of an inch between successive 
feeders. 

There are certain possible complications in an 
array of this type, which tend to alter the input 
impedance and the radiation pattern. The major 
problem is the placement of the individual feed- 
ers. It was determined experimentally that least 


_ Fig. 4—Complete 9-element discone array with weather- 
proofing covers mounted. The access plate has been re- 
moved from the cable-connector housing, showing the 
type-N connector. 
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Fig. 5—Array mounted on mast on laboratory roof for 
flight tests with distance-measuring equipment. 


disturbance was noticed when the cables were 
strapped together and then wound in a spiral 
around the discones, starting from the center of 
the array and working toward the top and bot- 
tom. The bunching gives the least reflection and 


Fig. 6—Measured vertical radiation 
pattern at 960 megacycles. 


CODD GID Т» 


Fig. 7—Measured vertical radiation 
pattern at 1087 megacycles. 
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the spiral tends to minimize the pattern distor- 
tion by spreading the effects evenly around the 
antenna. The excess length of cable feeding the 
center radiators is coiled up inside the metallic 
housing near the center of the array. 

Mechanically, the antenna array is mounted 
on a fibre-glass supporting structure and en- 
closed from the weather by a fibre-glass housing. 
This results in a very strong and electrically 
efficient design. Fig. 4 shows the antenna unit 
complete in its housing. The over-all height of 
the structure is approximately 72 inches. Fig. 5 
shows the array, 50 feet above ground level, 
installed in actual operation on top of a mast. 

Measured data on the antenna array through- 
out the frequency range are given in Figs. 6 to 10. 
It is to be noted that though the half-power 
beam width narrows from 8 to 6 degrees from 
960 to 1215 megacycles, the beam direction 
remains fixed at approximately 3.5 degrees 
above the horizon. The measured power gain was 
in all cases within +1 decibel of the calculated! 
value. 


2. Unidirectional Pencil-Beam Antenna 


In considering the problem of producing a 
unidirectional pencil-beam antenna as free as 
possible of any frequency limitations, the com- 
bining of a paraboloid and a discone antenna is a 
logical step. Measurements have shown that 
such a combination produces beam patterns 
that are satisfactory for communication and 
other applications over an extremely wide fre- 


Э 


Fig. 8—Measured vertical radiation 
pattern at 1215 megacycles. 
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Fig. 9— Horizontal radiation pattern at 1087 mega- 
cycles. The calculated pattern is shown as a solid line 
and the measured values are indicated by small circles. 


quency range. The standing-wave ratio is less 
than 2 over a 4.5-to-1 frequency range (700 to 
3100 megacycles). As half of the power radiated 
by the discone is not intercepted by a focus-in- 
aperture paraboloid, it is to be expected that the 
gain will be somewhat lower than if a more direc- 
tive source were used. If the paraboloid is 10 or 
more wavelengths in diameter, so that the effect 
of the direct radiation from the discone will be 
small compared with the total radiation from 
the paraboloid, the gain relative to an isotropic 
radiator is? approximately 


DM 
c=0.37(22) А (3) 

2F, E. Terman, “Radio Engineers’ Handbook," Mc- 
Graw-Hill Book Company, New York, New York, 1943, 
pp. 839-840. 
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Fig. 11—A single discone radiator and 72-inch parabolic 
reflector. This arrangement is quite effective where an 
antenna for a pencil-shaped beam is required to have 
broad-bandwidth characteristics. 


where D=diameter and 
\=wavelength. 


This gain is about 4.5 decibels below that of 
a uniformly irradiated parabolic antenna, and 
about 2.5 decibels below that of a well-designed 
narrow-band antenna using a simple dipole and 
reflector. If the paraboloid is only a few wave- 


: lengths in diameter, so that the direct radiation 


RERUM 
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Fig. 10—Standing-wave ratio plotted against frequency. Measured through 50 feet of RG-14/U 
cable on a 50-ohm slotted line. 3 
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Fig. 12—The solid line indicates the E-plane (vertical), and the dashed line indicates the H-plane (horizontal) 

beam pattern of the antenna of Fig. 11. The measurements were made at 600 megacycles. 
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Fig. 13—Parabolic-antenna beam patterns measured at 1290 megacycles. 
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Fig. 14—Parabolic-antenna beam patterns measured at 3200 megacycles. 
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HALF-POWER WIDTHS IN DEGREES 


о 
600 
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Fig. 16—Variation of the half-power beam widths with 
frequency for the antenna of Fig. 11. The circles indicate 
measured results for the E-plane pattern; the small 
crosses, the results for the H plane. The solid line indicates 
the theoretical widths for the E plane, calculated from 
605—1.272./D. The dashed line indicates the H-plane 
ушш derived from 05 —2,/ D. Өв is the half-power beam 
width. 


3000 


becomes an appreciable portion of the total, the 
gain will depend on the relative phase between 
the direct radiation and the reflected radiation; 
the gain may then be larger or smaller than that 
given by (3). Equation (3) indicates that a 72- 


inch-diameter paraboloid will have a gain vary- - 
discone. A 6-inch tapered section was used be- 


ing from 16.5 decibels at 700 megacycles to 29.5 
decibels at 3200 megacycles. 

The discone discussed above was used as a 
radiation source in a 72-inch-diameter paraboloid 


STANDING-WAVE RATIO 
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Fig. 17—Standing-wave ratio plotted against frequency for the antenna of 
Fig. 11. The irregularities are due to the effects of the coaxial cable and 
associated fittings. Measured results for a discone radiator alone in space are 
given by the circled points. 


having a 21.1-inch focal length. The discone was 
supported by a piece of wood $ inch wide by 14 
inches thick, which was fastened across the face 
of the paraboloid (Fig. 11). The discone itself, 
like the ones used in the distance-measuring- 
equipment array, consists of a 60-degree cone 
i inches high and a 33-inch disc supported 
above the cone and separated from it by poly- 
ethylene insulation. A standard type-N connector 
is located inside the cone. The RG-8/U cable, 
which ran from one edge of the paraboloid to 
the discone, was attached to the wooden support. 

Principal electric-plane and magnetic-plane 
patterns were measured at frequencies of 600, 
1000, 1290, 2040, and 3200 megacycles. Some 
of these patterns are shown in Figs. 12, 13, and 
14. In Fig. 15, these same patterns are plotted, 
more conventionally, in plan coordinates. The 
measurements were made with the receiving 
antenna 70 feet from the paraboloid. Fig. 16 
shows both a theoretical and measured plot of 
half-power beam width with frequency. The 
theoretical values were obtained from patterns 
calculated on the basis of physical optics. 

The standing-wave ratio was measured in the 
standard manner with 10 feet of RG-8/U cable 
between the standing-wave detector and the 


tween the standing-wave detector and the cable 
fiting. Between 850 and 3200 megacycles, the 
frequency was varied in steps of approximately 
20`ог 30 megacycles. Four read- 
ings were taken between 520 
and 680 megacycles; no read- 
ings were taken between 680 
and 850 megacycles. The 
standing-wave ratio is plotted 
against frequency in Fig. 17. 
Also given in Fig. 17 is the 
standing-wave ratio of the dis- 
cone in free space. 

The rapid fluctuation in the 
standing-wave ratio is probably 
due to the type-N cable con- 
nectors and the variations in 
the dielectric cable itself. These 
effects are well known and will 
not be discussed here. The 
measured standing-wave ratio 
is slightly lower than that of 
the antenna itself, due to the 
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cable attenuation. The nominal attenuation of 
10 feet of RG-8/U cable is 0.85 decibel at 
1000 megacycles, and 1.7 decibels at 3000 mega- 
cycles. At 1000 megacycles, a standing-wave 
ratio of 1.2 will, therefore, be transformed to 
1.17, while at 3000 megacycles, a standing- 
wave ratio of 2.0 will be transformed to 1.74. 
But in actual operation, some cable must be 
used, so that it is the standing-wave ratio of the 
combination that is of interest. 

If the focal length of the paraboloid is more 
than a few wavelengths, the voltage-reflection 
coefficient introduced into the transmission line 
by the paraboloid is given? by 


GÀ 
Гел! (3) 


3S. Silver, Report No. 442, Radiation Laboratory, 
Massachusetts Institute of Technology. 


where G — gain of feed in direction of vertex, 
A-—wavelength, and 
F —focal length. 


The gain of the discone being substantially 
the same as that of a half-wave dipole, this 
formula gives a reflection coefficient of 0.075 
(standing-wave ratio of 1.16) at 1000 megacycles, 
and a reflection coefficient of 0.025 (standing- 
wave ratio of 1.05) at 3000 megacycles. This 
reflection will add to, or subtract from, the re- 
flection of the discone alone, depending on the 
relative phase between the two reflections. If 
the reflections add in phase at 2000 megacycles, 
they will again add in phase at 1750 megacycles, 
and at 2270 megacycles, assuming that the phase 
of the discone reflection is constant at these fre- 
quencies. This effect is not evident in Fig. 17, 
but appears to be masked by the other reflec- 
tions present. 


Modern Demonstration of MacDonald’s Equivalance Theorem 


By A. С. CLAVIER 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


DEMONSTRATION was given in 1912, 
A by MacDonald,! of the following prop- 

osition, generally known as the “Equiv- 
alence Theorem”: 


The electromagnetic field at any point P outside of a 
closed surface S due to the movement of electric charges 
inside S, can be expressed in terms of the electric and 
magnetic fields produced on S by said electric charges. 


MacDonald did not make use of vectorial 
theory, so that his demonstration was rather 
lengthy. His method has been followed in the 
present paper, but considerably shortened by 
means of suitable notations. An interesting con- 
sequence is that it leads directly to the formulas 
given by Kottler? in the case of a harmonic 
time factor for the contribution of any portion 
of surface S limited by а. closed contour C. 
It is not necessary to pass through the inter- 
mediary of fictitious electric- and magnetic- 
current densities on surface .S. 


ш 


Fig. 1. 


Let moving charges be situated inside a closed 
surface S (Fig. 1), the whole space being homo- 
geneous and isotropic, with inductive capaci- 
tances e and y. 

At all points of such a system, the field vectors 
E and H satisfy the following equations: 


gud Е-е =0, div H=0, 
cig еу didt 
ot € 


1 MacDonald, Proceedings of the London Mathematical 
Society, v. 10, p. 91; 1912. 
2 Kottler, Annalen der Physik, v. 71, p. 457; 1923. 


Factors p and J are the charge and current 
densities at the point considered. They are as- 
sumed to be zero for all points situated outside S. 

The field vectors at point P, excluding electric 
fields not varying with time, can be expressed 
by means of the retarded-vector potential 


EN 1 * 
А-2 f Era, 


where V is the volume of S. The symbol J* 
means that the value of A at time ¢ depends оп 
the value of J at time /—r/c where c is the speed 
of light in the unbounded medium characterized 
by the factors e and д. 

Now, r is the distance OP between the point О, 
where J is applied, and point P at which the 
field vectors are considered. These vectors 
satisfy the system 


iet curl» Ap, 
m 


SER. ds Hat curlp-curlp Ap, 
дї и 
where curl» means that the curl operator implies 
the coordinates of point P. 
The first step of the demonstration consists 
of expressing the fields at P in terms of the fields 
at all points O where J is not zero; 


21 1 
He= E cur, | + Jas, 


J* _ (curlo Ho* _ д Еб 


foc r ðt r’ 
Je Hj HS 9o E$ 
^ = curlo Р +curlp pe fans 


From these equations, the value of (3 Hp/ðt) can, 
be derived. Note that 


0Ho _ 
a curl Eo, 
therefore, 
2H о 
дї | Eo)* * E 
zii. g —curlo Eb Curs Eò 
r r r r 
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so that 


Нь 
Kat 


9 n Нё 
73i curlp E f oe 770 


* 
—curlp:curlp ij curlo Py 
y 


1 ЕЎ 
ле curlp J (curl, curl, 7 


'The third part of the left-hand side of this equa- 
tion is, however, equal to zero. This is shown by 
rewriting 


1 y 

-4f curlp (grad divp— Arts 24 T9dy 
2 

19 ya 


1 
a сш} f (4-2 а 


ce? 


ek 
Tei has 


Each component of this vector is easily found to 
be zero. 


Let 
А,=1- f curis Say 
E TJy r 
and 
= * 
x-z | curlo uM 
Ат Jy Y 
then 
OH, 1 


дА, 
em - curl p Sap curlp:curlp Aj, 


and disregarding any static distribution of Hp 
and Ep; 
, 
дЁ» _ ct curl p SA н си1ь:си1ь A,. 
є 


It is thus seen tht the variable fields Ep and Hp 
at point P can be expressed in terms of the fields 
inside S by means of the two vectors A, and A}. 
It is now a simple matter to transform the vol- 
ume integrals into surface integrals; 


ж 
Г омо Ea. | (мож). 
Y 1 T 8 


Let 


and 
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then, 
ӘН 1 дА 
КЫҢ" curl, ыза curlp-curlp А5, 
дЕ 1 дА; 
"aT == curl; а curlp-curlp As. 


The computation of the field vectors at point 


Р can obviously be made in two different ways: 


The first starts with the determination of vectors 
As and A$. When this is done, the operations 
curl» and curlp-curlp are performed; these opera- 
tions involve derivatives with respect to the 
coordinates of point P only. 

A second manner consists of interchanging 
the processes of integration and differentiation, 
writing 


= curl моҳ) а, 

at діт.) P r 

uns f custy-custe (vox а, 
TS 


and the corresponding expression for dE p/dt. 
This is the same as attributing 


1[ә o 8) 
"p Elg ань (м x7 р 
1 ES 
ar curlp:curlp (vox | 


as the contribution of ds to the magnetic field, 
and 


1 ov Eö 
211-5 сип» (м х8) Е 
+4 curlp:curlp (nox #2) | 


as the contribution of the same surface element 
to the electric field. 

Now consider 
=gradp-divp— 
as follows: 


Я ЕЎ 
gradp-divp (noxa; 


the operation curlp-curlp 
Ap. The first term can be written 


Eš EG 
=ргайь z eurl N° -ds—grad- N®-curlp - ds. 


Now, curl; N° -ds —dl, the last being the element 
of the contour integral along the closed contour 
limiting any portion of surface .S. 

When there are no line discontinuities of the 
fields on the closed surface S, the integral 


ж 
[ gradp EE obviously disappears. It must 
с 
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remain, however, in the correct expression of the 
contribution of any portion AS of surface S, 
which is thus found to be 


ән. 2L f 0 Za 
3 44d) uin (x NE 
ж 
EKL grad N°- curlp £9. 
иёт Jas r 


ig il ox Eó tf 5. 
f za. (м x r Jas 4m Jo r al. 


A similar expression is readily obtained for 
ðEp/ðt. It is only necessary to interchange Eğ 
and Hj, as well as u and —e. 

These formulas have been given by Kottler? 
in the case of a time harmonic function. They 
were arrived at by means of the intermediary 
distribution of fictitious electric and “magnetic” 
current densities on the portion of S considered, 
and it is thën necessary to ascertain that these 
expressions verify Maxwell’s equations at point 
P. They are, in the present paper, directly de- 
rived from those equations and are obviously 
valid without any further verification. 

The “Equivalence Theorem” is found useful 
in a number of problems. It shows that the ex- 
perimental determination of the feld distribu- 
tion on any closed surface gives a means of 
computing the vector fields produced at any 
external point by sources that are located inside 
the surface. The same is true when theoretical 
considerations enable the determination of the 
fields on a surface S, or portion of said surface; 
this is generally an approximation only. This 
last has been found sufficient for the determina- 
tion of radiation patterns of horns or reflectors 
used in conjunction with centimeter electro- 
magnetic wavelengths. 

Inversely, when the field distribution of 
secondary sources is assumed to be known on a 
closed surface S, said sources can be replaced by 


PERFECT 
DIELECTRIC 


PERFECT 
CONDUCTOR 


others that would give the same field distribu- 
tion on 5. 


Consider, for instance, an unlimited plane 


supposedly a perfect conductor. Let an electro- 
magnetic wave fall on an element ds of the plane 


Fig. 3. 


in a medium supposed to be a perfect dielectric 
(Fig. 2). The magnetic inductive capacitance is 
the same in both media. Let E, H be the incom- 
ing fields, and E', H' the fields due to the second- 
ary sources induced in the reflecting plane. 
'The boundary conditions give: 


El-—E, 
E,= — Ey 
Hi--—H, 


There is no dissipation of energy: The flow of the 
incoming Poynting vector through ds should be 
equal to the flow of the Poynting vector asso- 
ciated with the reflected wave. It is easy to show 
that this leads to i 
H, И = Н,, 
Ҥ,=Н,. 


Finally, both incoming and total fields, and 
consequently both incoming and reflected waves, 
verify Maxwell's equations. This can be shown 
to give 

Е;= Е,. 


The association of the above conditions means 
that the total field 8, X on the reflector is such 
that 


6;—2ER, 
6r=0, 
3C; — 0, 
Rr — 2Hr. 


MACDONALD’S EQUI 


VALENCE THEOREM 
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It also means that the incoming and reflected 
Poynting vectors are in the same plane and make 
an equal angle with the normal to the plane 
(Fig. 3). 

The secondary sources can then be replaced by 
fictitious sources that would produce the fields 
E', H' at all points of the reflecting plane. This 
obviously leads to the well-known use of "elec- 
tromagnetic images” to compute the total field 
in front of the unlimited reflector. 

The expressions for the fields at point P given 
by the “Equivalence Theorem” are, of course, 


simpler when а time-harmonic function e-/*! is 
assumed. All vectorial operations with index P 
are then applied to an auxiliary function 


g- ier lc 
gm 
When the radiated fields are considered exclu- 
sively, only the terms in 1/r need be computed, 
and 1/7 can be conventionally treated as a 
constant in the differentiations involved in the 
vectorial operations. 


ТМ,, Mode in Circular Wave Guides with Two Coaxial 


Dielectrics * 


By SIDNEY FRANKEL 


Federal Telecommunication Laboratories, Incorporated, New York, New York 


netic wave in a wave guide with two 

coaxial dielectrics are computed. A typical 
example is given to show the calculation of guide 
dimensions to reduce phase velocity to a pre- 
assigned value. 


| XIELD components for a transverse mag- 


A uniform circular wave guide may be con- 
ceived as a device that provides an interaction 
space between electrons and an electromagnetic 
field to transfer energy from one to the other. 
И electrons are injected axially in the guide and 
the field has an axial electric component, the 
important interaction is between the electrons 
and this axial component. 

For unimpeded motion, the electrons must 
travel essentially in a vacuum and with a 
velocity necessarily less than that of light. On 
the other hand, the phase velocity of the electro- 
magnetic field in an evacuated circular guide is 
always greater than the velocity of light. For 
effective interaction, this field must be slowed 
down, perhaps to the order of one-tenth or less 
of the velocity of light. This may be accomplished 
by surrounding the evacuated axial region of the 
guide with material of high dielectric constant. 
For simplicity, circular symmetry may be 
maintained. 

An investigation of the ЕТИН of an 
electromagnetic field with axial clectric compo- 
nent in such a "loaded" guide has been made. 
Appropriate field equations, which take the 
necessary boundary conditions into account, are 
set up and solved. A relationship between the 
maximum value of axial electric component and 
transmitted power is given. 


I. Solution of Field Equations 


1.1 DIFFERENTIAL EQUATIONS 


Fig. 1 shows a cross section of a wave guide. 
The section of the axial region is a circle of 


* Reprinted from Journal of Applied Physics, v. 18, 
pp. 650-655; July, 1947. 


radius a, the constants of the medium being ш 
and єз, the permeability and dielectric constants, 
respectively. The boundary of the guide is a 
perfect conductor of radius b. In the annular 
region between these two radii is a material of 
constants и and є. It is assumed that ei» є 
always. 

Cylindrical coordinates r, ¢, and x will be 
used with the x axis coinciding with the axis of 
the guide and being positive in the direction 
toward a sink of power. For a transverse mag- 
netic mode, take Н, —0, and, in accordance with 
the conventional TMe mode for uniform dielec- 
trics, specify additionally that Z,=H,=0. If a 
field satisfying these requirements exists in the 
guide under consideration, then the appropriate 
field equations in meter-kilogram-second units 
for either dielectric are of the following type. 


—0H;/dx = јоєЕ,, 
(1/7) (8/8r) (r He) = јоєЕ,, 
(1/r) (8E,/89) =0, (1) 
(dE/dx) —(0E,/dr) = —jopHs, 
(1/r) (GE,/09) =0. 
The subscript has been omitted from є to 


avoid restricting it to either medium. 
According to (1), E, and Es, therefore also Hy, 


are independent of 9. The useful equations from 


(1) are 
0H,/dx = —jweE,, 
(1/7)(9/0r) (rH,) = јоеЕ., (2) 
(8E,/8x) — (dE, /dr) = — jouH,. 


Elimination of E, and E, among these equa- 
tions leads to the following equation in H,: 
Н, 
дх? 
where с is the velocity of propagation іп а 
medium of unbounded extent with constants ш 


and e. 
Assume 


198 w? 
+] <i) |= — w пеН, = sr (3) 
OrLy ðr 


-R(ne"m, (4) 


where y is the propagation constant in the x 
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direction and R is a function of r to be deter- 
mined. Substitution of (4) in (3) yields 


d[1d 
~ —(rR) |+о?Р = 0, 5 
Я, P ] ч G) 
where 
=y H/E. (6) 
Solutions of (5) dre of the type 
= Лот), Vilar), (7) 


where J; and Y; are Bessel functions of the first 
and second kinds, respectively, and of the first 
order. If Zi(or) represents any linear combina- 
tion of these functions, then 


=Zi(ar)e™, (8) 


For unattenuated transmission, y is a pure 
imaginary; let y = 38, with 8 real. Then 


H,7Zi(or)e*, oa-—[(e/c)?—8*]. (9) 
From (2), we get immediately 
= (8/oc)Zi(ar)e-", 
(8/«e) Zi(ar)e (10) 


E,=(a/jwe)Zo(ar)e—#, 


where 40 is a linear combination of Bessel func- 
tions of the first and second kind, zeroth order, 
and we have made use of the relation! 


© улоу] —arZ(or). (11) 
dr 


Jo and J; are finite and continuous everywhere 
іп the complex plane, but Yo and Y, have infinite 
discontinuities at 7=0. These latter functions 
are therefore inadmissable in the axial region of 
Fig. 1. The solutions therefore run as follows. 

In medium 1, 


Hay [AiJi(oar) +В:У (оли) Je, 


8 Г 
EA EE Jila) 4-BiYi(oar) Je", 


WE, 


kho “TA iJo(oar) +B, Yo(our) je“? 


joer 


azrzb. (12а) 


1 Jahnke and Emde, “Tables of Functions," 3rd edition, 
B, G, Teubner, Leipzig, 1938; p. 145. 
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b 
: 4 €, 
Fig. 1— Cross section of wave guide having two 
coaxial dielectrics. 
In medium 2, 
Н, =A aJ1(asr)e- too, 
Е„ = (B2/we2)A oJ 3(oigr)e 2, Ozrza. (12b) 


En, = (as/ jwe) A aJ o(aer) e i8, 


41, Bı, and Аз are constants to be determined 
from the boundary and power conditions, ai 
and оз are the propagation constants, and 81 
and 6s are the phase constants, in media 1 and 2, 
respectively. 


1.2 BouNDARY CONDITIONS 


Matching of tangential components of the 
electric field at the dielectric interface requires 
that 


Ea = E; at r=a 


for all values of x; i.e., 


ay 
— [A 1Јо(ола) + By Y olaia) je 


NISL 


(13) 


ae А 
== A oJ o( aoa) e482, 
> Jwe 


This can be satisfied for all values of x if, and 
only if, 61=82=8. The phase constant (hence 
the velocity of propagation) is the same in both 
media, as might have been expected. 


oi —?/с%= —@=о%— °?/&. 


Assume the phase velocity V, to be inter- 
mediate between с and cs 


61< Ү„<с», Vp=w/B. 


(14) 


(15) 


154 


This leads to the inequality 


a <0 « oi, (16) 
whence o; is real while аз is a pure imaginary. 
The field in medium 2 therefore behaves ac- 
cording to Bessel functions of the first kind with 
pure imaginary argument. Curves for Jo(jz) and 
—jJi(jz), frequently designated as le(z) and 
T(z), respectively, have been published.? The 
function JIo(z) is particularly interesting since 
it shows the radial variation of the axial electric 
field. This field is fairly uniform for sufficiently 
small z. For 8< 0.6, the variation is less than 10 
percent; for z«2, the variation is less than 
about 2:1. 

Next, for the tangential component of electric 
field to vanish at the conductor surface, it is 
required that £,1—0 at r —b, i.e., 


А1Јо(ол1р) +В; Yalab) =Q. (17) 


Matching the normal components of dielectric 
flux at the dielectric interface requires that 


єЁд=е Ев at r=a; ie, 


A 1J1(a1a) +BiY,(aia) =A 2J (asa). (18) 


Matching the tangential magnetic field at the 
dielectric interface yields no further information. 
Collecting and rearranging (13), (17), and (18), 
we have the set of linear homogeneous equations 
in A1, By, and Аз: 


Q1 Q1 
-—Јо(ола)А rt— Yo(oi12)B, 
€1 €1 


aa 
— —Jo(asa)A s =0 


€2 
Jo(o10)A 1+ Yp(aib) В; =0, 
Ji(a12)A it Vi(a1a)Bi—J1(a,a)A2=0. 


"p (9) 


A necessary and sufficient condition that these 
equations be consistent is that the determinant 
of the coefficients vanish: 


ay ay © 
—Jo(oua) 2—5 Yo(a1a) 29 —Ј, (оза) 
€1 €1 €2 
=0. (20) 
Jo (ab) Yo(a1b) 0 
Ji(aya) Yi(o12) = Ј. (оза) 


2 Page 224 of reference 1. 
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If 8 is specified in advance, then a; and аз are 
known from (14), and (20) specifies a necessary 
and sufficient relationship between a and b. The 
manner of using this information will be illus- 
trated by a later example. 

With (20) satisfied, any two of the three 
relations given in (19) may be used to solve for 
the ratios of the constants Ai, By, and Аз. By 
using the first and the third, 


А: = КАА, В,= КВАз, (21) 
where 
Qe a1 
TE —.Ј,(оза), —— (ола) 
Ka Se 7 E? €1 
Л (оза), Ү, (ола) 
(22) 
ay 09 
теа —Jo(o12), —Јо(оза) 
К в = 2 €1 €» 
Л (ола), (оза) 


and we have made use of the standard identity 
Yo(s) Ji(s) — Yy(3)Jo(s) —2/ms. 
The field components are then given as follows: 


Medium 1: aSr=b. 


a " ^ 
En=Ar—[KaJo(our) „Кв (ау?) Jei, 


Jwe 
B | | (23а) 
Ед= A3—[K 4Ji(oar) 3-K5 У, (aur) Jet”, 
WEL 
Ay=A [KaJ (oar) +Кв Vi (air) Jes, 
Medium 2: 0zirza. 
Qe ` 
Ez =A 2—— J o(aar)e~ #2, 
Jo€s 
(23b) 


В 
Е„ =А 2——J (aar) eb, 


WE? 


Н» =A aJ 1 (arr) e182, 


In (23), the constant 4s remains to be 
determined. 
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1.3 AxraL FIELD As A FUNCTION OF TRANSMITTED POWER 


The constant А» may be evaluated in terms of the peak transmitted power Рм or twice the average 
power P. For this purpose, the complex Poynting vector is integrated over a convenient cross 
section of the guide. This reduces to 


b 2v P 
Pia f f EHA giddi 
0 0 


where Z/,* is the complex conjugate of Hy. By (22), Ka and К» both contain the factor а» and are 
therefore pure imaginaries. If E, and Н, are specified to have zero phase angle at x =0, then А, is 
also a pure imaginary, and j appears only in the exponential factor. The integration then runs 


B 
Py —2243— F(a,b; €1,€2), 


WE] 
where , 
€ ы 
rae | "бозу | КАЈ (air) +Кь Vi(air) [17 (24) 
€2 0 а . 
or 
A= ((Pu/27)(o«/BF))*. (25) 
At the center of the tube, the maximum value of the axial field E, is 
ag ae Py We] i 
Exo |Ag—| = |— n) ; (26) 
We we: \ 2r BF 


1.4 FURTHER DISCUSSION OF THE SOLUTION 


The determinant (20) may be considered to yield a solution for b when o; and o» are known. 
After defining a set of functions 


Лб) Лб») Ji) nG 
1 S А 2 VONT j— —, 3 = 4 == , 7 
ооу HOF Gy 909707 Ф970 (27) 


we can reduce (20) to the form 


1.0 
ME 
1 €2 09 — 
1—j— —0(020)0(ола) | 
Q3 €1 0.8 | 
Q1(a4b)  ——————————————. (28) =| 
1 €2 Оз(ола) x ui 7l 
Qalada) — j— —Qs(aa) — —- | 
аз є 0.(ола) 98 
905 j 
All of these Q functions, with the exception of 
Q2(s), have been plotted.* Qs(s) is plotted in SS 
Fig. 2 of this paper. The use of these curves оз I——— 
simplifies the calculation of 5. " 
The chief remaining problem is an evaluation ptt pt ft pp -——- 
of the function F(a, b; «1, є) in (24). The func- 01 
tion is integrable in known Bessel functions. of 1 i it pep pt 


By referencé to a standard treatise on Bessel 5 


Fig. 2—A useful ratio of certain Bessel functions 
* Pages 200-203 of reference 1. of imaginary arguments. Q: = —j[Ji(js)/Jo(js) ]. 
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functions,‘ it can be shown that 


1 K3 2K4Kpg 
F=—F,(aza) +—T[Fi(a1b) arr Fi(o12) 1+ 
аё od oj 


2 1 


Къ 
[Ез(о1) — Ез(о1а) ]+—L Fond) — Fs(ona) |, (29) 
ay 
where 
Fs) =, {LFa(s) 2 —Jo(s)Ja(6)}, 


z (30) 
— 0T - Yo Yaw), 


Fals) = 3 {s*L ¥i(s) Ju(s) + Yo(s) J2(s) ]—sL¥u(s) Ja(s) + Ya(s) als) ]]- 


Fals) P) = LY) Y) ¥a(s) } 


Future work may indicate whether or not these results can be simplified. 


2. Typical Example 9 
Suppose a ГМ: wave is to be set up at | в 
0 = 3:10 per second traveling at-one-tenth the aL 
velocity of light in vacuum, so that V,=3-107 
meters per second, whence 8 = (10)? per meter. 6 КУ 
Assume the dielectric material is such that =" L = 
RS 
17471077 henry per meter, а; г 
e= (10—7/18т) farad per meter 3 Ы д: 
(relative dielectric constant = 200), А E X E: 
€» = (107/367) farad per meter. E ey M 97 
e 2 
Then e&1—10?, o;— 10? by (14). Next, let us ёг ér 8 
try using a radius а=2 millimeters = 2.1078 0a ait (6 20 $4 28 32 36 40 
meter. Then r IN MILLIMETERS 
aya =2, 


Fig. 3— Distribution of field components in a 
ооа = j2, typical example. 

03/ є = 5.55 - 10", 

&/ є = j1.11- 10H. 


А 3607-77 кар рай 
From Fig. 2, 0,(72) 20.70, and from reference 1 log H 
and (27), 
Q1(2) 40.45, tena Irsa 
Q3(2) = 0.39, = 
Q4(2) = —0.19. 200 
Then Бу (28), Ou) = 52 whence * 160 
120 ——————3- 
ab —0.73, 3.78, 6.89, . . . . | 1 
80 S 
and €z, Ш €, H а 
40 8 
b —0.7, 3.8, 6.9, .. . ., millimeters. A 


LLL у 

: о оз ов i2 16 20 24 28 32 36 40 
* G. N. Watson, “A Treatise on the Theory of Bessel А a : 

Functions," 2nd edition, Macmillan Company, New York; Fig. 4— Distribution of magnetic intensity in a 

944. : typical example. 
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We take 523.8. millimeters as the smallest 
available value of ba. A more careful calcula- 
tion using tables rather than curves shows that 
b — 3.6 millimeters. 

Next, compute K апа Кв using (22). 


. K4—/153.3, 
Кв=]812.5. 


The expressions for the field components (23) 
then become 


Ea = A»2842[Jo(air) +5.30 Yalar) 36-8, 
Ед =јА 22892 [Si (our) +5.30 Yi (air) e-?87, 
Ha = $43153.3[ Ji(oi7) +5.30 Yi(oar) Je7?57, 
Е, =A 23703 J o (arg) e 8°, 
Е, =A 23774 1 (agr) e 8°, 

Н» =A oJ 1(arer’) e782, 


These quantities are plotted as functions of r 
in Figs. 3 and 4. Here it is plain that the electric 


Discussion 


vectors have the same orders of magnitude in 
both dielectrics, while the magnetic vector is 
practically negligible in the central dielectric. 
This fact, combined with the small cross-sectional 
area of the inner dielectric, results in most of 
the transmitted power being propagated in the 
outer dielectric. 

The factor F in (24) may be evaluated by 
numerical integration, whence it turns out that 
F= — 0.00037 —0.3475 = —0.3479, the smaller 
term being the contribution of the inner di- 
electric. Since by (26) the transmitted power is 
related linearly to F, it can be seen that only 
about 0.1 percent of the power is propagated in 
the central region. 

By substitution in (26) we now have immedi- 
ately E.o=5.77(Pm)', volts per centimeter, at 
the axis of the guide. 


Remarks on Slow Waves in Cylindrical Guides * 


EVERAL articles, one in 1944! and two 

more recently,? have appeared on the 

question of concentric dielectrics in cir- 
cular wave guides, each treating it from a 
different point of view. The problem considered 
by the more recent articles is the utilization of 
the TMo, mode in a circular wave guide with 
two coaxial dielectrics to obtain wave propaga- 
tion with a phase velocity below that of light 
‘velocity. A main objective of each of these arti- 
cles is to obtain a method whereby one is able to 
determine the necessary values of the dielectric 
constants and radii involved, when the phase 
velocity is given some pre-assigned value. The 
earlier article considers the problem more gener- 


*By A. A. Oliner, Microwave Research Institute, 
Polytechnic Institute of Brooklyn, Brooklyn, New York, 
reprinted from Journal of Applied Physics, v. 19, pp. 109— 
110; January, 1948. 

1 L. Pincherle, "Electromagnetic Waves in Metal Tubes 
Filled Longitudinally with Two Dielectrics,” Physical 
Review, v. 66, p. 118; 1944. 

2 Sidney Frankel, "TM; Mode in Circular Wave 
"Guides with Two Coaxial Dielectrics,” Journal of Applied 
Physics, v. 18, p. 650; 1947; G. G. Bruck and E. R. Wicher, 
“Slow Transverse Magnetic Waves in Cylindrical Guides," 
Journal of Applied Physics, v. 18, p. 766; 1947. 


ally. All of the authors approach the problem by 
solving for the fields and then applying the ap- 
propriate boundary conditions. 

The purpose of this letter is twofold; (1) to 
indicate that an alternative and simpler method 
may be used to derive the necessary relations, 
and (2) to acquaint the reader with the existence 
of certain curves whose use greatly eases the 
calculations. 

The properties of an ideal wave guide are de- 
termined once the cut-off frequency is deter- 
mined. The cut-off frequency for a given mode 
corresponds to resonance for waves propagating 
transversely in the cross section. Therefore, to 
find the cut-off frequency of the guide, it is 
necessary only to determine the resonant fre- 
quency of the two-dimensional problem defined 
by the guide cross section. The condition for 
resonance that we apply is that, at any radius, 
the admittances looking in opposite radial 
directions should be equal and opposite. 

Since the above-mentioned articles do not 
agree as to notation, it is in place to specify the 
notation used here. The inner and outer regions 
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shall be regions 1 and 2, respectively (see Fig. 1). 
Dielectric constant єз is greater than є. ke shall 
represent the cut-off wave number, and 8, the 
propagation constant in the axial direction. We 
then have: 


ka= (kap), ka-(Ke-8), (1) 
where k=w/c and B=w/v», vp being the phase 
velocity. 


A radial guide is the appropriate one to use in 
the cross section since we have propagation down 


Fig. 1. 


3, GONG YI-N, (99у) 
„б\н f) -N ROAD) 


~ct{x,y)=~ 


ШШЕН ИНЕШ ШЕ И oe E S 
———————- db 
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a circularly cylindrical wave guide. The expres- 
sion for the admittance Y(ri) at radius rı in 
terms of the admittance Y(rj) at 72, for the 
lowest E-type mode in a radial guide can be 
written in analogy with the uniform line case as? 


1+{@, yet(x, y) Y(r9)/ Yo(r2) (2) 
Ct(x, y) to, y) Ү(т)/ Үт)! 


Y(r) = Үт) 


where 
Jo(x) No(y) — No(x) Joly) 


=F GO Waly) Nae) Fay)’ 
_ Jy) Мобу) — Nix) Joly) 
eG y) m ANI) а) у' © 
De July) М(х) — NiGQy) Јох) 


Ji(x) NiQ) — Ni) Ji)’ 


x—kr, y-krs and Yo is the characteristic 
admittance of the guide which is a function of 
the radius. It may be seen that if a short circuit 
exists at 72, then Y (rz) = ©, and Y(ri) reduces to: 


Y(r) = -jYrücts, у). (4). 
Similarly, we find that for any finite Y(rs—0): 


Yt) ју). (5 
The condition for resonance is satisfied if, at 
radius r=71, we set Y+ Y «0. We then obtain: 


Youle) ee Yu(n)Gny) (8 


where х=: and у=. For E-type modes 
the ratio of the charac- 
teristic admittances is 
given by 


Yours) or 
Yoo(r1) n 


We may note that k, 
is the propagation con- 
stant in the transverse 
region, although 8 is the 
propagation constant 
in the axial direction. 
Substituting for the 
characteristic admit- 


у/х*40 20 10 5 2] 


eike? 
ezker 


(7) 


у/х=“4020 10 531 
ASYMPTOTIC VALUES 


3 Montgomery, Dicke,and 
Purcell, “Principles of Mi- 
crowave Circuits” (v. 8, Ra- 
diation Laboratory Series), 
McGraw-Hill Book Com- 
pany, New York, New York, 
to be published; a brief der- 
ivation may be found in 
Chapter 8. 
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tances, we obtain finally: 


eiken Jilkarı) _ 
ezkel Jolkeari) =ct(x, У), (8) 


where x — k,sr1 апа y=R,efs. 

It may be seen that (8) is identical, except for 
notation, with (8) of the article by Bruck and 
Wicher. These authors state that this expression 
is the relation between the field velocity, tube 
radii, and dielectric constant, from which they 
obtain their results. They further state that this 
relation “сап be solved by a combination of pa- 
tience with a variety of numerical procedures." 
However, there exist curves of the combination 
of Bessel functions represented by  cí(x, y). 
(See Fig. 2.) The values of с/х, y) are plotted 
against y—x, with y/x as a parameter. The re- 
sults desired may be obtained quite rapidly by 
the use of these сі curves. The method involved 
here is essentially the same as that used by these 
authors; the curves simply serve to facilitate the 
calculations. 


As an example, one of the points considered by 
the above authors was checked using the с? curves. 
The phase velocity chosen was v, —0.2c, and the 
smaller and larger radii were 0.05À and 0.102, 
respectively. The required ratio of dielectric ' 
constants must be determined. The value 
€/€17— 57.3 was obtained by means of the ct 
curves. Bruck and Wicher state that е/є = 57.25. 

In the article by Frankel, the final relations 
are obtained in somewhat different form. How- 
ever, after appropriate rearranging of terms, (28) 
of Frankel's article may be seen to be identical, 
again except for notation, with (8) above. In his 
"typical example," Frankel specifies the values 
of all the necessary parameters except the larger 
radius, which must be solved for. His result, ob- 
tained graphically, is 3.8 millimeters. The result 
obtained by means of the ct curves is 3.77 
millimeters. Frankel states further that “а more 
careful calculation using tables rather than 
curves" shows that the result should be 3.6 
millimeters. The writer believes that this state- 
ment is in error as the use of tables with (8) 
above yields a value of 3.773 millimeters. 


High-Ratio Multivibrator Frequency Divider 


By M. SILVER and A. SHADOWITZ 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


siderable length for obtaining two widely 
separated frequencies in synchronism with 
each other have been increasingly used in recent 
years. In television practice, for example, it is 
necessary to generate a 60-cycle-per-second sig- 
nal in exact lock with another of 31,500 cycles.! 


| NXREQUENCY-DIVIDER chains of con- 


In frequency-modulation broadcast transmitters. 


of the direct type, it is usual to divide the master- 
oscillator frequency by a factor of several hun- 
dred in order to reduce the index of modulation 
before comparison with the crystal oscillator. 
It has been customary to use a comparatively 
large number of dividers, either of the multi- 
vibrator or blocking-oscillator type, to accom- 
plish the above, since each divider must be re- 
stricted to a rather small order of division, about 
5, for stability under varying operating condi- 
tions. A system? has also been designed for ac- 
complishing high-order division with only a few 
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Fig. 1— Typical multivibrator-divider circuit. 


stages, by using saw-tooth dividers. The present 
article describes a somewhat similar circuit for a 
high-ratio multivibrator divider. 


1 A. Rufus Applegarth, “Synchronizing Generators for 
Electronic Television," Proceedings of the I.R.E., v. 34, 
pp. 128W-139W; March, 1946. 

? Geoffrey Builder, “А Stabilized Frequency Divider,” 
Proceedings of the I.R.E., v. 29, pp. 177-181; April, 1941. 


1. Circuit Operation 
1.1 SIMPLE Lock-IN MULTIVIBRATOR 


Fig. 1 is the circuit diagram of an ordinary 
multivibrator divider. A synchronizing voltage 
(either pulse or sine wave) applied at the input 
will lock the multivibrator output frequency at 
an exact submultiple of the synchronizing fre- 
quency if the time constants and the amplitude 
of the input voltage are properly chosen. It is 
difficult to stabilize the order of division with this 
circuit; instead of dividing, say, by 20/1 as 
desired, a slight change in апу one of a number - 
of factors may cause division by 19/1 or 21/1. 
The value of the plate-supply voltage, the syn- 
chronizing-voltage amplitude or frequency, and 
aging of the tubes all combine to make high- 
order division critical. 


1.2 INSERTION OF CLIPPERS 


Suppose that we remove capacitor C (Fig. 1) 
between the first grid and second plate, and 
replace it with a tuned circuit followed by a 
two-stage clipper, as shown in Fig. 2. The 
output of the second clipper is fed back to the 
first grid. Resistor R has a high value in order 
that the Q of the tuned circuit may be high, and 
the bias on the first clipper stage is made high 
enough to prevent the flow of grid current. 
The capacitors connected with the clippers are 
all comparatively large. 

It can be seen that this circuit will oscillate 
only in the immediate vicinity of the resonant 
frequency of the tuned circuit, with or without 
synchronizing voltage at the input. A sine wave 
will be obtained at output A, while one side of 
the sine wave will be clipped at the grid of the 
second clipper stage. At output B (and in the 
multivibrator circuit proper), a square wave will 
be obtained. i 

If we introduce a synchronizing voltage of a 
frequency close to an integral multiple of the 
tuned-circuit frequency, the multivibrator will 


160 


HIGH-RATIO MULTIVIBRATOR DIVIDER 


MULTIVIBRATOR 


adjust itself to an exact subharmonic of the 
input. 

The action here is that of a lock-in of an un- 
stable oscillator to a stable oscillator; a necessary 
condition for lock-in is that the two oscillators 
should have a harmonic frequency in common, 
and this is the reason for the double-clipper 
stage, which generates harmonics by squaring the 
sine wave. The frequency of the synchronizing 
voltage (the stable oscillator) must be close to 
one of the multivibrator harmonics for lock-in 
to occur ; the higher the order of division desired, 
the more important it is that the waves be 
square. Since it is difficult to obtain good square 
waves at high repetition rates, it is also more 
difficult to obtain good division at the higher 
frequencies. The actual lock-in forces are pro- 
duced by third-order nonlinearities in the tube 
operating characteristic. 


1.3 Lock-IN RANGE 


For any given order of division, there is a range 
of synchronizing frequencies at which proper 
division is obtained. An example is given in Fig. 
3. This synchronizing-frequency range is directly 
proportional to the multivibrator operating 
range, which is determined by the Q of the tuned 
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FIRST 
CLIPPER 


SECOND 
CLIPPER 


OUTPUT B 


OUTPUTA 


Fig. 2—Modified circuit of Fig. 1, in which capacitor C 
is replaced by a tuned circuit and two clipper stages. 
Larger and more stable division ratios between input and 
output frequency are possible with this circuit. 


SYNCHRONIZING RANGES IN KILOCYLES 
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MULTIVIBRATOR OPERATING 
RANGE IN KILOCYCLES 


Fig. 3—Illustration of three of the synchronizing ranges 
of the multivibrator-divider circuit of Fig. 2. 
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circuit. If the multivibrator is driven at a differ- 
ent frequency from the exact resonant frequency 
of the tuned circuit, a phase shift is introduced 


AMPLITUDE OF SQUARE-WAVE OUTPUT 


FREQUENCY OF CONSTANT-AMPLITUDE INPUT SINE WAVE 


Fig. 4—Transmission characteristic of tuned-circuit- 
and-clipper coupling circuit. It exhibits the typical fre- 
quency-versus-amplitude curve of a tuned circuit, with a 
plateau at the top due to the clippers. 


in the tuned circuit; the phase shift for a given 
deviation in frequency increases with increasing 
Q, and proper division no longer occurs when the 
phase shift exceeds a certain critical value. 
Thus for higher orders of division, where adjacent 
synchronizing ranges become closer to each other, 
it is necessary to restrict the multivibrator 
operating range to 
smaller regions by 
using higher Q's. 

The transmission 
characteristic of the 
circuit is shown in Fig. 
4. This curve may be 
obtained by removing 
the capacitor between 
the input grid and the 
second clipper plate, 
applying a  variable- 
frequency constant- 
amplitude sine wave 
to the input, and ex- 
amining the output at 
the second clipper 
plate. The output volt- 
age will reach the 
maximum value at 
very low input voltages 


INPUT 


be a square wave. The plateau width (Fig. 4) 
can be varied bv changing the bias of the 
first clipper, and bears no relation to the multi- 
vibrator lock-in range. 


2. Final Circuit 


Fig. 5 is the detailed schematic of a circuit 
that gives stable division ratios as high as 300/1 
(4.5 megacycles to 15 kilocycles). Adjustment 
for proper division can be made most easily 
with an oscilloscope at any of the plates; when 
the multivibrator locks with the synchronizing 
frequency, it is possible to count the number of 
synchronizing-frequency pulses per multivibrator 
cycle. 


3. Conclusion 


The circuit described has the one outstanding 
advantage of simplicity; it requires but one 
tuned circuit and two tubes, and is quite insensi- 
tive to changes in operating conditions. In fact, 
since the values of resistance and capacitance 
have so little effect on the frequency, it would 
seem incorrect to call the circuit a multivibra- 
tor, except that it is derived from the ordinary 
multivibrator, and because it produces easily - 
synchronized square waves. 


IOKQ 


OUTPUT 


= Ie VOLTS 


(of the order of milli- 
volts), and will then 


Fig. 5—Circuit dividing from 4.5 megacycles to 15 kilocycles, a 300-to-1 range. 
иш L consists of 800 turns of 28-American-Wire-Gauge wire on a powdered- 
iron toroid. 


Thermo-Electric and Conductive Properties of Blue 
Titanium Dioxide* 


By H. K. HENISCH 
Department of Physics, University of Reading, England 


1. Introduction 


HE thermo-electric properties of blue 

semi-conducting titanium dioxide are 

of special interest, both in connection 
with the possible practical applications of this 
material and because of the theoretical impor- 
tance of these effects. Titanium dioxide is also 
in many ways an ideal semi-conductor because 
its conductivity is purely electronic up to quite 
high temperatures! and the material is entirely 
stable under all normal conditions. Moreover, 
as far as is known, its structure with regard to 
electronic-energy distribution is substantially in 
accordance with the simple concepts on which 
semi-conductor theories are usually based. Ex- 
periments on this material should, therefore, 
offer welcome opportunities for checking the 
validity of these theories. 

Most theoretical work on semi-conductors 
necessarily assumes that the properties con- 
cerned are those of a single crystal of the ma- 
terial. During practical experiments, this condi- 
tion is rarely satisfied. Some experiments have 
indeed been carried out on single crystals and 
have yielded results of great уаіџе, but most 
semi-conductors otherwise available for investi- 
gation are in the form of micro-crystalline con- 
glomerates. This means that properties like the 
conductivity will depend not only on the char- 
acteristics of individual grains, but also on the 
shape, orientation, and packing of grains within 
the conglomerate as a whole. As a rule, it is not 
possible to control these two contributing factors 
independently during the preparation of speci- 
mens, nor is it possible to distinguish between 
them by conductivity measurements alone. To 
test the predictions of theory, it is, therefore, 
necessary to measure some property that de- 
pends only on the composition (impurity con- 


* This article arises from work on semi-conductors that 
is being undertaken by the University of Reading, England, 
in behalf of Standard Telecommunication Laboratories 
Limited. 

1 All numbered references will be found on p. 177. 


tent) and not on the grain structure. The thermo- 
electric and Hall effects are two such properties 
and of these the former is likely to be the simpler 
to measure. Thermo-electric measurements are 
thus of value as means not only of testing the 
theory of semi-conductors, but also (in combina- 
tion with conductivity measurements on the 
same sample) of enabling the relative importance 
of composition and grain structure to be assessed. 

A considerable amount of experimental and 
theoretical work has been carried out on this 
subject in the past, probably most of it with 
special reference to cuprous oxide, =! but some 
also in connection with selenium, lead sul- 
phide,' stannous sulphide,!5 germanium,!*!* cad- 
mium. oxide,??-silicon,? zinc oxide,” and many 
other substances and mixtures.? Expressions for 
the thermo-electric power and the total thermo- 
electromotive force have been developed in terms 
of the temperatures 7, and 7, of two metal- 
semi-conductor junctions and various parameters 
characteristic of the materials concerned.19 17.23 
In practice, many of these equations cannot 
readily be subjected to experimental test, be- 
cause they are complicated and contain terms 
that cannot be independently estimated. It will 
be shown that by suitable choice of parameters it 
is possible to deduce approximate equations that 
are more suitable for direct experimental check, - 
and the application of which leads to results of 
practical interest. 

As is well known, the temperature dependence 
of the conductivity is given by an equation 

с = со exp [ —eV;/2RT |, 


where oo usually varies much more slowly with 
temperature than the exponential term. Ac- 
cording to the simplest theory, eV, is the energy 
required to free an electron from an impurity 
centre and raise it into the conduction band. 
This activation energy also enters into the 
thermo-electric equations. It is shown in the 
present paper that the experimental values 
for this energy derived from conductivity 
and thermo-electric measurements on sintered 
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titanium dioxide specimens agree only as regards 
order of magnitude. This would be expected for 
specimens that are not entirely homogeneous, in 
the sense that their impurity content and activa- 
tion energy are subject to local variations. It is 
suggested that while the impurity content can 
vary continuously, only a few discrete values of 
the activation energy are possible and the differ- 
ent grains each have one or other of these 
values. The measured activation energy thus 
represents some form of average. The effect of 
non-uniform impurity content on the thermo- 
electric properties of the specimens can be 
calculated for an ideal case in which the im- 
purity concentration varies continuously through- 
out the solid. The conclusions are supported by 
the experimental results and are thought to be 
qualitatively correct even when the assumption 
of continuous variation is no longer satisfied. 

For a single homogeneous crystal, со should be 
proportional to the square root of the concentra- 
tion of impurity centres.” For a micro-crystalline 
aggregate, this relation is generally not fulfilled, 
but it is found experimentally that some such 
correlation between es and the average concen- 
tration of impurity centres (as inferred from 
thermo-electric measurements) still exists. The 
correlation is not exact, indicating that the 
intergranular boundaries and the grains them- 
selves make comparable contributions to the 
resistivity. 

The thermo-electric properties of semi-con- 
ductors have a practical as well as a theoretical 
interest owing to the magnitude of the thermo- 
powers involved. Thermo-couples consisting of a 
metal and a semi-conductor can have thermo- 
electric powers of the order of 1 millivolt per 
degree centigrade, which is between 10 and 80 
times as high as those observed on purely metallic 
couples. Semi-conductors may thus be very 
suitable for the construction of sensitive thermo- 
piles, and indeed have already been used for this 
purpose. 


2. Thermo-Electric Effects 
neous Semi-Conductors 


іп Homoge- 


To simplify the problem as much as possible, 
the following treatment concerns only semi- 
conductors that are either completely of the 
"excess" or completely of the “deficit” type, and 
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that are not subject to "intrinsic" semi-con- 
duction within the temperature range under 
discussion. 

Fig. 1 shows the approximate energy relations 
at the contact between a metal and a typical 


METAL SEMI-CONDUCTOR 


M BAND 
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Fig. 1—Energy relations at the boundary between a metal 
and an excess semi-conductor. 
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excess semi-conductor. F is the Fermi-level of 
the metal, e the activation energy of the semi- 
conductor, ф and x are the thermionic work- 
functions of the metal and the semi-conductor, 
respectively, and Vp is called the diffusion 
potential. The potential barrier is of the type 
suggested by Schottky, but its precise shape or 
thickness is of no importance for present con- 
siderations. When contact is made, the relative 
heights of the Fermi-level and the conduction 
band adjust themselves so that the electrons on 
either side of the barrier are in dynamic equi- 
librium, i.e., so that equal numbers of electrons 
cross the barrier in opposite directions during 
any given time. This can only be if the electron 
concentration at any particular level, e.g., the 
peak of the barrier, is uniform. Since the electron 
concentrations decrease very nearly .ехропеп- 
tially with increasing energy, the necessary 
equilibrium condition is 


nr exp [—(@—x)/RT | - ns exp [ —eVp/RT ], (1) 


where sr is the electron concentration at the 
Fermi-level of the metal and ss that at the 
bottom of the conduction band in the semi- 
conductor. If П is the contact potential at the 
junction, then 


elI—$—x—eVp (2) 
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and hence, after substitution into (1) and re- 
arrangement, 


Il=(Tk/e) log np/ns. (3) 


. This should not be confused with a similar equa- 
tion sometimes encountered in the literature 
(апа now known to be erroneous), in which ж 
means the /oíal] electron concentration, inde- 
pendent of energy level. 

As a first approximation, we can assume that 
ng is given by some expression 


ng=A exp [ — e/2kT ], (4) 


where the ''concentration constant" A is nearly 
independent of temperature compared with the 
exponential term and is proportional to the 
square root.of the concentration of impurity 
centres (compare (13)). Thus, we have 


W=(Tk/e) (log #ҥ/ А 4 e/2RT). (5) 


np is not strictly independent of temperature 
(it is expected to decrease slightly as T increases), 
but it is convenient to neglect this for the 
present, i.e., to assume that the Thomson coeffi- 
cient of the metal is negligible compared with 
that of the semi-conductor. Integration of (5) 
gives 


E- i (П/Т)4Т = (T1— T3) (k/e) log nr/A 
Ts 


+ (/2е) log Т\/ Т», (6А) 
where £ is in absolute units, or 
E-—(T1— Т) (300k/e) log np/A 
+(V./2) log T/T», Volts, (6B) 


where V, is the activation potential in volts. 
The polarity of the electromotive force is such 
that the metal electrode at the hot junction be- 
comes positive with respect to that at the cold 
junction. Equation (6B) already satisfies a 
number of important conditions. It is symmetri- 
cal in T, so that inter-change of Ту and 7» 
merely reverses the sign of the thermo-electro- 
motive force. Similarly, E=0 when T1=T>. 
Inspection also shows that the law of inter- 
mediate metals and the corresponding law of 
intermediate semi-conductors are obeyed. 

The thermo-dielectric power is, of course, 
given by 


(dE/dT) г = (300k/e) log mr/A+Va/2T, (7) 


according to which dE/dT cannot be zero at any 

temperature, unless np <A. Cases in which this 

condition is definitely satisfied are not known. 
Re-arrangement of (6B) leads to 


E 3006, mr, Vaflog Т/Т. 
Ln ls iro ( qud ) (8) 


Thus, if the present considerations are correct, 
a straight line should be obtained by plotting 
the average thermo-power E/(T1— Tə) against 
the function (log 74/73)/(T1— T3). The activa- 
tion energy should be directly deducible from the 
slope of this line, and its intercept on the ordi- 
nate should be a function of the concentration 
of impurity centres. The average thermo-power 
is expected to be high for semi-conductors of low 
impurity content, and vice versa. 

The same argumerit is also applicable to a 
pure deficit semi-conductor, with the important 
difference that the resulting thermo-electro- 
motive forces are of the opposite polarity, i.e., - 
the metal electrode at the hot junction becomes 
negatively charged. It was previously thought 
possible to determine the character of a given 
semi-conductor on the basis of this criterion 
alone, but it will be shown that this is not always 
reliable, even when the sign of log &»/A in (7) 
is known. 

The present treatment is based on the assump- 
tion that zz/A can be regarded as constant. A 
more accurate treatment would have to take 
account of the temperature dependence of A and 
of the finite Thomson coefficient of the metal. 
'To do this with uncompromising precision would 
introduce considerable complications. It is, how- 
ever, possible to introduce a second stage of 
approximation without great difficulty. To do 
this, it is convenient to put 


np/A = (nz / A') T, (9) 


where q is some constant, and to remember that 


7,—6047 II/T —dU/dT, (10) 


where c, and c; are the Thomson coefficients of 
the semi-conductor and the metal respectively. 
Substitution into the previous equations then 
leads to 


O,—Om= e/2eT —qk/e. (11) 


Hence, if с, and om were known independently, 
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the value of the constant g could be estimated by 
this indirect method. 

The Thomson coefficient of the semi-conductor 
can be simply calculated as follows. When two 
parts of a semi-conductor are at different tem- 
peratures, the electrons in the conduction band 
will reach equilibrium under the influence of 
two opposing tendencies: the normal process of 
thermal diffusion and the electric field resulting 
from any charge displacement. Electrons will 
drift from the hot to the cold regions, because 
their concentration as well as their kinetic energy 
increases very greatly with increasing tempera- 
ture. When equilibrium is reached and no cur- 
rent flows, this tendency to drift must just be 
counter-balanced by the electric field. The condi- 
tion for this is 


ebnF,=eD(dn/dx), 


where 5 is the electronic mobility, F, the local 
electric field, D the diffusion coefficient ( — &T'5/e), 
‘and n the total electron concentration in the 
conduction band, given by the well-known 
expression 


(12) 


n=CN?T! exp [—«/2kT], (13) 


where C is a constant and N the concentration 
of impurity centres. We then have 
F,=(kT/en)(dn/dx) | (14) 
= (kT /en)(dn/dT) (dT /dx) 
or: 
(ЕТ /e)(€/2kT?+3/4T) (AT /dx) 
=dE/dx=(dE/dT)(dT/dx). (15) 


But dE/dT is the Thomson coefficient* c,, so 


that 
(16) 


Equation (13) is expected to hold with accuracy 
_ only as long as the concentration of free electrons 
is small compared with that of the impurity 
centres (see page 158 of reference 24), and (16) 
is, therefore, subject to the same limitation. 


с. = є/2еТУ-ЗЬ/4е, 


*It was thought conceivable that thermal expansion 
might have a noticeable effect on the Thomson coefficient, 
in so far as it discourages electron diffusion away from the 
hot regions. The approximate calculation of this effect can 
proceed by the same method as before, taking into account 
that the electron concentration at any temperature Т 
must be reduced by a factor 1/(1+cT), where c is the 
(volume) coefficient of «thermal expansion. Using this 
correction, it follows that e;-—«/2eT-F-(k/e)[3/4—cT / 
(1--cT)]. Taking c as 1075 centimetres per degree centi- 
grade and T'as 600 degrees absolute, substitution shows 
that the reduction of the Thomson coefficient by thermal 
expansion is negligible at all temperatures here considered, 


It is necessary to state that this assumption may 
not be entirely justified in the case of titanium 
dioxide. 

With regard to om, the first approximation was 
zero, and as a second approximation e, —3&/2e 
is probably justified, although this is strictly 
correct only for a non-degenerate electron gas. 
We thus have 


04,77 0,— e/2eT +gk/e 
= (&/e) (3/4-F- q) = 3k/2e, 
q=3/4. 


This can now be substituted into (9) and hence 


(17) 
so that 
(18) 


‘into (5), resulting in 


II/T = (k/e) log n»/A' 


+(3k/4e) log T+e/2eT, (19) 


which can be integrated with respect to tempera- 
ture to give in absolute units: 


E=(Ti—T2)(k/e) log np/A’+(¢/2e) log Т/Т 
+(3k/4e)[T(log Т—1)]д. (20) 
After re-arrangement and conversion into volts, 


this becomes 


E log Т\/Т» 
Ti— Т» Ti- Т» 


Li 
EU 41-1) 


3k 3k 
— 3002-71 — 30077 log Т» 


Vs log Т\/Т» 
Е т), ап) 


БА! 14 
where Vs is again the activation potential in 
volts, corresponding to V, in (6B). Its value can 
be deduced from the line obtained by plotting 
the left-hand side of (21), of which all quantities 
arc known in terms of experimental results, 
against the usual (log 71/7T3)/(T1— Тз). Equa- 
tion (21) should represent a better approxima- 
tion to the facts than (6B), subject to the main 
assumption being valid, namely, that the semi- 
conductor is homogeneous. 


3. Thermo-Electric Effects 
neous Semi- Conductors 


in Heteroge- 


The semi-conductors normally available for 
investigation are often not entirely homoge- 
neous, and it is important to examine the anoma- 
lies that can occur as a result of heterogeneous 
structure. Two important types of heterogeneity 
can be envisaged. Thus, a semi-conductor may 
have a regular grain structure, but the concentra- 
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tion of impurity centres may change systemati- 
cally from one.side of the solid to the other. 
Alternatively, the substance may be a con- 
glomerate of grains, which differ individually in 
impurity content in a random manner, so that 
numerous large concentration gradients are 
distributed throughout the solid. In practice, 
the two cases may, of course, arise simultaneously. 

Consider the effect of continuous concentration 
gradients on the Thomson coefficient of the semi- 
conductor. To substitute for n in (12), when NV 
is a function of x, we must put 


dn/dx = (0n/8'T) (dT /dx) + (0n/9N) (dN /dx), (22) 
which gives 


dn aN 


€ 3 NAT п, 
d." [atr "aras ton, dx 9 
and, after substitution into (14), we obtain 
dEN үе ,3k\, kT, (dN/dx) 
(sr). us Gert 2) *x»N.uT/a) 09 


It will be noted that this reduces to the previous 
form (16) when dN/dx is zero. Otherwise, the 
local value of the Thomson coefficient depends 
on the ratio of the concentration gradient to the 
temperature gradient. 

If the specimen is entirely at a uniform tem- 
perature T', then the first term in (24) cannot 
make any contribution to the voltage, since its 
temperature integral between identical limits is 
zero. The second term, however, gives rise to an 
electromotive force Ey between any two points 
that are characterised by impurity concentra- 
tions А, and N; respectively given by 


Ey=(kT/2e) [алам 


—(kT/2e)log NV/Ns. (25) 


This electromotive ,force may be termed a 
“distributed contact potential.” The influence of 
this distributed contact potential on the con- 
ventional representation of energy levels is shown 
in Fig. 2. The voltage Eo is not directly meas- 
urable by means of contact electrodes, because 
it is exactly balanced by equal and opposite 
contact potential at the two junctions. 

If the junctions at the ends of a heterogeneous 
semi-conductor are at lhe sume temperature, but 
temperature gradients exist elsewhere between 
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the two contacts, then the contact potentials at 
the junctions and the distributed contact poten- 
tial within the solid are not necessarily equal and 
opposite, and a residual electromotive force Е, 
can, therefore, appear between the electrodes, 


given by 
E-xÓ4 TONO VR. 


1, (d T/dx) Q6) 


If dN/dx, as well as dT/dx, vary symmetrically 
between the two electrodes, E, is zero, but if 
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Fig. 2—Energy relations in an excess semi-conductor of 
non-uniform impurity content. 


either variable is unsymmetrical, E, will have a . 
finite value, which may be of either sign. 

If the junctions at the ends of the semi- 
conductor are not at the same temperature, the 
normal thermo-electromotive force will, of course, 
appear in addition to the ‘‘distributed thermo- 
electromotive force” of magnitude 


k рт Т, (dN/dx) Д 
Ev=% f apes. 0D 
This electromotive force will have the greatest 
influence on the effective thermo-power when 
the temperature differences are small, and its 
presence should cause the apparent thermo- 
power to tend to infinity as | T1— T3| 50. When 
the normal thermo-electromotive force is small, 
the sign of the effective thermo-power may be 
entirely dominated by £p. 

In the general case, the equation for the total 
thermo-electromotive force developed between 
two points at temperatures Ту and Т» and charac- 
terized by constants 4; and А» becomes too 
complicated to be of practical use, namely, 


E=(kTi/e) log (np/Ai)T? 
— (kTs/e) log (n»/A9) Ti 
— (3k/4e) (Ts — Т») 


-F(e/2e) log T,/Ts--Ep. (28) 
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If АА and | T1— T3|7»0, (21) should still be 
approximately obeyed. 

These considerations show that as far as 
significant results can be obtained at all by ex- 
periments on heterogeneous materials, they 
necessitate the use of large temperature differ- 
ences to minimize the effect of the distributed 
thermo-electromotive forces. In general, the 
properties of semi-conductors are very sensitive 
to changes of condition during their preparation. 
The existence of small variations of impurity 
content is, therefore, to be expected in sintered 
semi-conductors (e.g., as a result of uneven 
temperature distribution during their prepara- 
tion) and probably in most others, particularly 
if the specimens are of considerable size. 

'The thermo-electric anomalies caused by the 
presence of concentration gradients are still ex- 
pected to appear if the material concerned is a 
heterogeneous conglomerate of the second type, 
as envisaged above, provided that differences 
exist between the average impurity content of 
various regions in the solid. 


4. Preparation and  Micro-Structure оў 
Titanium Dioxide Specimens 


The specimens for the present investigation 
were prepared by pressing fine titanium dioxide 
powder into rectangular rods 10 centimetres long 
and 1 centimetre square under standard condi- 
tions. These rods were then pre-fired in air at 
about 1050 degrees centigrade for 1.5 hours. 
During this process, some volatile impurities are 
eliminated and the powder gains cohesion. The 
specimens were then slowly inserted into an 
electrically heated tube-furnace which was al- 
ready at a temperature of 1000 degrees centi- 
grade. During the four hours following, the tem- 
perature was raised to 1500 degrees and a mix- 
ture of 70 per cent nitrogen and 30 per cent 
hydrogen was passed through the tube. The 
specimens remained at the high temperature for 
four hours before the oven was allowed to cool. 
Each batch of four samples was then divided 
into two pairs. One pair was withdrawn from the 
oven after a cooling period of 25 minutes (1200 
degrees) and then cooled further in the open air. 
These specimens will be referred to as “chilled,” 
to distinguish them from those that were more 
"slowly cooled," 1.е., that remained in the 
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‘oven until its temperature had fallen to 700 


degrees after 1.5 hours. These specimens were 
then further cooled while surrounded with 
asbestos packing. Owing to differential contrac- 
tion, the number of breakages during "chilling" 
was considerable. 

Chilled and slowly cooled specimens were ex- - 
pected to differ with regard to the concentration 
of ions which are ''frozen" in interstitial posi- 
tions, but no information was available as to 
whether the above differences in the rates of 
cooling are sufficient to have any appreciable 
effect in this respect. 

'The high-temperature sintering process in a 
reducing atmosphere results in a further elimina- 
tion of volatile impurities and in a volume 
shrinkage of between 44 and 56 per cent. The 
reduced specimens are greyish-blue, with a 
metallic. lustre, very hard and brittle. Their 
density is approximately 3.8 grams per cubic 
centimetre and does not vary between wide 
limits. The specimens are only slightly porous. 
X-ray powder-photographs have shown that 
they consist of rutile, and there is no evidence of 
the existence of any second crystalline phase. 

'The specimens were examined under the micro- 
scope in the form of very thin layers (20-30 
microns) and as a very fine powder (capable of 
passing through a No. 100 mesh), both mounted 
in Canada balsam. It was found that these sin- 
tered bodies are not of homogeneous composition, : 
but consist of four types of grains. 

A. Small, faintly yellow grains, slightly bi-refringent and 
slightly pleocroic, having the characteristic appearance of 
normal rutile. 


B. Grains of similar appearance except as regards their 
colour, which varies from slightly grey to dark blue-grey. 


C. Fairly large black grains, often needle shaped, inter- 
spersed amongst a continuum of types A and B, and much 
more frequent in regions where the latter type is commpn. 


D. Foreign impurities of two kinds: small grains of a 
red crystalline material, thought to be haematite, and 
somewhat larger grains of a material whose refractive index 
is very nearly the same as that of Canada balsam, probably 
quartz. Both kinds are only present in minute proportions 
and could not make any measurable contribution to the 
conductivity. 


It was later found that the concentration of 
black needle-shaped crystals is greatest in the 
chilled specimens and smallest in specimens of 
low conductivity. The grain structure of the 
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specimens is usually regular throughout the bulk 
of the material, but near the surface the propor- 
tion of yellow rutile grains increases sharply. 
This surface layer, which is of much higher re- 
sistivity than the rest of the material, is best 
developed on the slowly cooled specimens, i.e., 
those which have been for a longer time under 
conditions favourable for re-oxidation. 'The 
photo-micrograph, Fig. 3, shows the boundary 


Fig. 3—Photo-micrograph of titanium dioxide specimen 
approximately 1.4 millimetres in diameter. Bulk material 
is at the left and the surface layer at the right. 


between the bulk of the material on the left and 
` the surface layer on the right. When a specimen 
is broken up into a fine powder, there is some 
tendency for grains of uniform colour (and hence, 
presumably, of uniform composition) to remain 
intact. 

'The existence of this grain structure and the 
correlation of some of its characteristics with the 
method of preparation and the resistivity of the 
samples must inevit- 
ably be of great im- 
portance for the inter- 
pretation of the experi- 
mental results. There 
is reason to believe that 
these considerations 
are not confined to the 
present case, but are 
probably relevant to 
many other semi-con- 
ductors and to many 
previous measure- 
ments. It is important 
to realise that the nor- 
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mal theory of semi-conductors is not quantita- 
tively applicable to conglomerates of the type 
here described. 


5. Experimental Technique 


As far as thermo-electric measurements on 
semi-conductors are concerned, either of two 
distinct methods can be adopted. One method 
consists of establishing a large temperature differ- 
ence between two metallic junctions on the semi- 
conductor and measuring the resulting (total) 
thermo-electromotive force. The other consists of 
raising (or lowering) the whole specimen to the 
desired average temperature, and measuring the 
thermo-electromotive force due to a small tem- 
perature difference between the two junctions. 
If this temperature difference is sufficiently small, 
the measurement yields the true thermo-power 
at the temperature concerned. This is the method 
that has usually been adopted in the past, but it 
suffers from the grave draw-backs already dis- 
cussed in Section 3. This is thought to be the 
reason for the low accuracy claimed by previous 
experimentors. Thus Morton’s results! are con- 
sistent only within +5 per cent, and those of 
Vogt? within even wider limits. On these 
grounds and also for reasons of greater experi- 
mental convenience, the first method was used 
during this investigation. 

The simple arrangement is shown schemati- 
cally in Fig. 4. The semi-conducting rod under 
test rested on two supports and was insulated 
from them by thin sheets of mica. On each side, 
a thin brass disc was firmly clamped to the 
specimen. The pressure was adjusted until the 
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contact resistance remained approximately con- 

stant. These brass discs, of which Fig. 5 is an 

enlarged representation, served as electrodes. 

Their tempertures could be determined by means 
toon 


0:15 CENTIMETRES 1 


P d CHROMEL 
0-81 CENTIMETRES E NICKEL 
Мм ALUMEL 
Fig. 5—Thermo-couple electrodes. 
of the attached ‘‘Chromel-Alumel” thermo- 


couples. The thermo-electromotive forces other- 
wise measured are those between the semi- 
conductor and nickel. One of the discs was heated 
by means of the heater, which was operated 
from a variable auto-transformer. To protect the 
associated galvanometer circuits in the event of 
a breakdown, the heater was electrically insu- 
lated from the electrode by a thin sheet of mica. 
The other electrode could be cooled from below 
and above by filling the vessels which form the 
clamp with solid carbon dioxide or liquid air. 
Cooling from below and above was found to be 
essential to make.the best possible use of the 
cooling agent. The specimen was surrounded 
with asbestos lagging so as to exclude draughts, 
_ which were otherwise found to have a deleterious 
effect on the temperature stability of the system. 
To test whether slight oxidation of the electrodes 
could introduce substantial errors, some of the 
measurements were repeated, using gold-plated 
electrodes. Consistent results were obtained, 
and it can thus be assumed that if any oxide 
film is formed on the electrodes at temperatures 
below 450 degrees centigrade, it is too thin to 
introduce any appreciable temperature gradients. 

The whole arrangement is associated with a 
suitable potentiometer circuit. Each complete 
measurement thus demands the determination 
of Tı and Т, (by reference to oil-immersed cold 
junctions at a known temperature) and E, the 
resulting thermo-electromotive force between the 
semi-conductor and nickel. 

The resistivity of the same specimens was 


measured between room temperature and 200 . 


degrees centigrade, using the simple jig illus- 
trated in Fig. 6. The potential probes, which were 


held in position by springs, rested on thin graph- 
ite lines which served to reduce the resistance 
in the probe circuit. The jig was mounted in an 
oven in turbulent air, and the potential differ- 
ence between the probes measured at various 
temperatures for a constant current of 10 milli- 
amperes. 

It soon became evident that special precau- 
tions must be taken to eliminate unwanted 
thermo-electromotive forces in the potential 
probe circuit, or to correct for their presence. 
In view of the large thermo-powers developed by 
the junctions of the semi-conductor and the 
probes, very small temperature gradients along 
the specimen can lead to substantial errors in 
the determined resistivities. As small tempera- 
ture gradients could not be entirely eliminated, 
a correction was made by measuring the themo- 
electromotive force between the potential probes 
when the specimen was disconnected from the 
battery circuit. This procedure greatly improved 
the consistency of the results. 


6. Resistivity Measurements 


The room-temperature (20 degrees centi- 
grade) resistivity of the present specimens lies 
between 0.10 and 0.18 ohm-centimetres and 
is independent of the applied voltage. The tem- 
perature coefficient at 20 degrees centigrade 
is of the order of 1 per cent per degree centigrade 
and decreases with increasing temperature. All 
resistivity measurements between room tempera- 
ture and 200 degrees centigrade were found to be 
strictly repeatable. Fig. 7 shows that—as might 
be expected—there is some correlation between 
the resistivity at room temperature and the 
percentage shrinkage during preparation. (All 
resistivities quoted are "effective" values. The 
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Fig. 6—Experimental arrangement for 
resistivity measurements. 
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existence of the more highly resistive surface 
layer of the specimens was neglected in the 
calculation.) 
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Fig. 7—Relation between resistivity at room tempera- 
ture and shrinkage of specimens during firing. The speci- 
men numbers are quoted. 


No significant difference between chilled and 
slowly cooled specimens was noted. This seems 
to indicate that the process of chilling was not 
sufficiently drastic to make any appreciable 
difference in the concentration of ions frozen in 
interstitial positions. Alternatively, it may be 
that the critical temperature below which the 
presence of interstitial ions affects the resistivity 
measurements is considerably lower than room- 
temperature. (See page 160 of reference 24.) ` 
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To obtain the effective activation energies of 
the specimens, the results can be plotted in two 
alternative ways. For small temperature ranges, 
the expression 


К= Ко exp [eV./2kT ] (29) 


is often a sufficiently accurate representation of 
the experimental results. A value for V, can 
then be deduced from the slope of the line ob- 
tained by plotting R against 1/T. However, for 
measurements over the temperature range here. 
employed, these lines are all noticeably curved, 
so that only average gradients can be found 
from them. This means that the temperature 
dependence of Rp is not negligible compared with 
that of the exponential term. This does not seem 
to have been observed during some previous 
experiments on titanium dioxide.” An expression 
for R, which is theoretically more satisfactory 
than (29), is 


R=KT* exp [eV./2kT], (30) 


where K is a constant. A straight line should 
thus be obtained by plotting log R/T? against 
1/T. This was found to be the case, as shown in 
Fig. 8 for three typical specimens.t 

A survey and summary of the results will be 
found in Table 1. Wherever applicable, intercepts 
have been corrected for the different cross- 
sectional areas of the various specimens. It will 
be noted that V, and Və, the two activation 
potentials deduced from (29) and (30). respec- 
tively аге not identical. Vj must be regarded 
as the more correct and significant value, even 
if its fundamental meaning is still somewhat in 


doubt. 


1 For convenience, a multiple of the voltage Vp between 
the potential probes for a constant current (10 milli- 
amperes) is used instead of the resistance R. 


TABLE I 
| Resistivity | дк Va Ve Va Vg z log "EX 105 
Specimen Type at 20°C Ohm-cm Volts Volts Volts Volts mV PC 
(30) (29) (30) (8) (21) (8) 

i 16 chilled 0.151 0.179 0.081 0.127 0.033 0.076 0.248 
18 chilled 0.120 0.114 0.088 0.139 0.060 0.116 0.165 

21 chilled 0.116 0.082 0.078 0.127 0.060 0.122 0.193 

25 slow cooled 0.105 0.133 0.076 0.129 0.046 0.104 0.191 
26 slow cooled 0.141 0.176 0.072 0.125 0.037 0.089 0.207 
35 slow cooled 0.144 0.202 0.071 0.117 0.036 0.088 0.275 

38 slow cooled 0.122 0.073 0.118 0.168 0.014 0.076 0.134 

39 slow cooled 0.177 0.123 0.107 0.152 0.025 0.084 0.183 
40 slow cooled 0.117 0.077 0.108 0.166 0.029 0.084 0.162 
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Meyer and Neldel?® 
have proved the exist- 
ence of a definite rela- 
tion between V, and Ro, 
contrary to earlier theo- 
retical expectations. 
Fig. 9 shows that some 
such correlation also ex- 
ists in the present case. 
(V; and K are actually 
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Fig. 8—Effect of temperature on the resistance of three 
specimens. R-—KT*exp[eV,/2kT] V, is the probe 
voltage and is proportional to R. 
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Fig. 9—Correlation between experimental values of con- 
centration constant К and effective activation energy (V;). 


plotted.) The values 
obtained for V, fall 
within narrow limits 
compared with those 
quoted by the above 
authors. (From 0.049 to 1.044 volts.) 
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7. Thermo-Electric Measurements 


Measurements of the thermo-electromotive 
force of titanium dioxide-nickel couples were 
carried out over a temperature range from —176 
to 4-400 degrees centigrade. Fig. 10 gives the 
results of one such complete series, plotted in 
accordance with (21). The temperatures Tı and 
T» are marked for representative points. It will 
be seen that over this wide temperature range 
the results are substantially in agreement with 
theory.{ In general, the larger the temperature 
difference between the two junctions, the closer 
is the agreement of the results with the predicted 
straight-line characteristic. The deviations which 
exist appear to be typical for the present speci- 
mens. Large temperature gradients in the neigh- 
bourhood of the cold junction result in slightly 
low values for the average thermo-power, whereas 
large gradients in the neighbourhood of the hot 
junction do the reverse. It is to be expected that 
the latter occur shortly after the heater current 
is switched on, the former mostly during the 
initial period of cooling by means of solid carbon 
dioxide or liquid air. As the cooling and heating 
processes continue, the temperature gradients 
become less sharp and, if Tı— Т» is sufficiently 
large, their effect becomes negligible. 

None of the points in Fig. 10 corresponds to a 
temperature difference of less than 70 degrees 
centigrade. If T,— 1% is appreciably smaller, 


large deviations from the predicted behaviour 


i When the experimental results are plotted in accord- 
ance with (8), they likewise give a straight line, though of 
smaller slope. 
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are observed. These deviations 


are interpreted as the direct = 

consequence of the distributed aig 

thermo-electromotive forces that 8 

are expected to arise from the  ,4 

heterogeneous structure of the г 
5 


present specimens. The region 
of small temperature differences 
was further investigated in an 
attempt to isolate the normal 
thermo-electromotive force from 
the distributed thermo-electro- 
motive force. To do this, a small 
asymmetrically wound heating 
coil was placed between the two 
main junctions (in the neigh- 
bourhood of the cold electrode) to produce the 
desired asymmetrical temperature distribution. 
Due to the presence of this subsidiary heater, 
Т» rose to a constant value. The main heater was 
then switched on, and T; raised to and above 75. 
The resulting thermo-electromotive forces were 
measured, and the results plotted in Fig. 11. 
They show clearly that the apparent average 
thermo-power tends to infinity as |Ti— T;| 
tends to zero, which means that a finite thermo- 
electromotive force E, 
exists even when Ту= 
Т». It will also be seen 
that the thermo-power 
of the couple is al- 
ways positive provided 
[7T1— T3| is large, but 
can be of either sign 
when | 7, — T;|is small. 
If the subsidiary heater 
is displaced, the rela- 
tive positions of the 
temperature and con- 
centration gradients 
are also changed and 
this can be shown to 
have a considerable ef- 
fect on the magnitude 
of E,. The pairs of lines 
marked a, b, and ¢ on 
Fig. 11 refer to three 
positions of the subsi- 
diary heater. It will be 
noted that E, changes 
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Fig. 11—Effect of distributed thermo-electromotive forces on apparent average thermo- 
power of the heterogeneous. specimen 36. 
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Fig. 10—Graphical determination of activation energy from thermo-electric 
measurements. Plot of experimental results in accordance with (21). 
peratures 7, and Т, are indicated for representative points. Specimen 26. 
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sign between positions a and b, which seems to 
indicate that the average impurity content varies 
approximately symmetrically along the sample. 
Under the conditions to which Fig. 11 refers, 
E, is +5.9 millivolts for position a, +1.5 milli- 
volts for position b, and —6.4 millivolts for posi- 
tion c. There is, of course, some position between 
а and 6 for which Е, is zero. 
Thermo-electromotive forces of this type have 
already been observed in the case of metals by 
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Feng and Band," though these authors did not 
associate them with any heterogeneous structure 
of the materials used. The distributed thermo- 
electromotive forces observed on the present 
samples are higher than those of metals by about 
two orders of magnitude. 

The sign of the thermo-power of a semi- 
conductor-metal couple is generally taken as 
evidence for the character of the semi-conduc- 
tor.!? The demonstrated existence of distributed 
thermo-electromotive forces means, however, 
that this criterion is not valid unless the semi- 
conductor is known to be entirely homogeneous 
or unless the measurements are carried out for 
large temperature differences. In the general 
case, there is a further ambiguity owing to the 
fact that log nr/A in (7) can be of either sign. 
Hence, it is important to know not only the 
sign of the thermo-power at a given tempera- 
ture, but the exact characteristics of the couple 
over the widest possible temperature range. 
Conclusions derived from single measurements 
using small temperature differences can be 
entirely misleading in this respect. 

Values for the activation potentials Va and Vg 
were deduced from the experimental results and 
incorporated in Table I. It will be noted that 
Vy and Vg are not identical, but agree as regards 
general order of magnitude. Curiously enough, 
the agreement is best in the cases of specimens 
21, 18, and 25, i.e., those which on Fig. 9 differ 
most prominently from the remaining samples. 
Otherwise, we have У. < V, and Vs < Vs, without 
any significant correlation between these quan- 
tities. 


8. Discussion 


Two important problems arise in connection 
with the present—and indeed many previous— 
measurements. Firstly, it will be observed that 
the nine specimens on which measurements 
have been carried out have yielded 15 different 
values for the activation energy. There is, in fact, 
nothing to suggest that Vg and V, cannot vary 
continuously over a wide range of voltages. 
If eV, (ог eVg) is the width of the energy gap 
between the impurity level and the conduction 
band of the solid, these results would mean that 
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the width of this gap can vary continuously. 
This is very hard to envisage. On the contrary, 
it is to be expected that there are only a limited 
number of positions in the unit cell of the crystal 
lattice in which an interstitial atom can be ac- 
commodated, and while each of these may be 
associated with a different activation energy, 
the total number of such values should be small. 
Secondly, there is no а priori reason for any 
correlation between the activation energies and 
the impurity contents of various specimens, un- 
less, of course, the impurity content is so large 
that the centres interfere with one another. 
This interference, although possible, does not 
seem to be the general solution of the problem, 
since Meyer® has shown the existence of this 
correlation even for specimens which were ex- 
cellent insulators at room temperature, i.e., 
specimens in which the concentration of im- 
purity centres must have been very small 
indeed. 

Since the present specimens are not homoge- 
neous, but contain grains of different impurity 
content, it appears reasonable to associate the 
multiplicity of values for V, and V» (similarly 
V, and Vg) with the multiplicity of proportions 
in which grains of different purity may constitute 
any particular specimen. V, and V; then have the 
significance of “effective” activation energies, 
and are dependent on the activation energies of 
the different types of grains. The problem in its 
simplest form can be formulated as follows: 
What are the effective values of Ro and Va of a 
solid conglomerate composed of semi-conducting 
grains whose individual constants or group con- 
stants are 71, Рә, . . . ., 4, and Иш, Vas; - -© «> Van 
(so that Ra=rn exp [eVan/2kT ]), and which are 
present in concentrations сз, €», . . . ., Cn, respec- 
tively? It is assumed that r, depends only on 
the concentration of impurity centres within 
each type of grain and can, therefore, vary con- 
tinuously, whereas the activation energies Van 
are limited to a small number of definite values. 
To obtain an approximate solution, Borelius 
and co-workers? have suggested the application 
of a much earlier result due to Lichtenecker? on 
the resistivity of mixtures. Lichtenecker's calcu- 
lations are mainly intended for two-dimensional 
models of two almost continuous constituents, 
but could be generalized in the following form. 
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The resistivity of the aggregate must be given 
by some function 


R= F(R, Rọ... Ra; (31) 


C1, Соу... 4 Са). 


Lichtenecker also imposes the (arbitrary) condi- 
tion : 


1/R=F(1/Ri, 1/Rs. . . , A/R.; 


Сб... (32) 


КР 


Further, we must have R= R, if c,=1 and R=0 
if R,—0 апа с++&0. The simplest expression 
which satisfies these conditions is 


к= ЦК", (33) 


where the quantities g are parameters that de- 
pend on the geometrical configuration of the 
grains. For dimensional reasons, we must also 
have Yengn=1. 

Equation (33) cannot, of course, represent 
more than a first approximation. The treatment 
does not take account of the potential barriers 
between individual grains, nor does it seem 
probable that the characteristics of the configura- 
tion can be satisfactorily expressed by a single 
parameter for each constituent. Subject to these 
reservations, however, the expression is partially 
successful, in so far as it predicts the existence 
of an effective activation energy eVa, where 


: Va =ECngn Van, (34) 


a quantity which must be expected to vary from 
sample to sample. Also, since 


Ro- Tre, (35) 


some correlation between the values of V, and 
Ro is to be expected for specimens which have 
similar values of g. 

If the resistivity of the specimens were en- 
tirely due to the properties of individual grains 
and not to structural factors, a close negative 
correlation should exist between resistivity and 
the concentration of impurity centres. If the 
present considerations are correct, the intercepts 
of the lines obtained by plotting the results of 
thermo-electric measurements in accordance 
with (8) should arrange the specimens approxi- 
mately іп the reversed order of their average 
impurity content. Fig. 12 shows that a correla- 
tion between these intercepts and those on Fig. 8 
(representing the resistivities) does indeed exist. 


The fact that the correlation is not complete 
can be interpreted as meaning that the average 
impurity content of the grains and their geomet- 
rical configuration make comparable contribu- 
tions to the resistivity. 

The precise manner in which the different 
types of grain affect the resistivity of the sub- 
stance as a whole remains a subject for future 
investigation. Because the grains presumably 
differ as regards their impurity content, the 
Schottky barriers at each grain contact repre- 
sent an additional source of resistance. Each 
barrier of this type would normally have non- 
linear and even slightlv rectifying conduction 
characteristics, if the applied voltage is large. 
For small voltages, these resistances should be 
ohmic. The resistivity of the specimens as a 
whole was found to be strictly independent of 
the applied voltage, and it must therefore be 
assumed that the voltage developed across 
individual barriers is too small to produce non- 
linear conduction, but that the total voltage 
across all barriers is an appreciable fraction of 
the total voltage applied. 

'The correlation of results shown in Fig. 12 
confirms that semi-conductor—mctal couples of 
high thermo-power are also expected to have a 
high resistance. 'This provides a natural limit of 
practical applicability, because high thermo- 
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Fig. 12—Correlation between thermo-electric and 
resistivity measurements. 
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powers can only be usefully employed as long as 
the internal resistance of the couples is reasonably 
low. 

With regard to the experimental values for 
the activation potential, agreement between V; 
and Va can only be expected as regards order of 
magnitude in the case of specimens that are 
not homogeneous. The internal mechanism by 
which activation energies can be "compounded" 
from a series of different contributions is still 
practically unexplored. There is no а priori 
reason to assume that the resultant value should 


be identical for conductive and thermo-electric- 


processes. In the latter case, the heterogeneous 
structure is expected to result in "internal short- 
circuits" which would tend to diminish the total 
thermo-electromotive forces. This may account 
for the fact that V; is always greater than Ёз, 
but the problem does not seem to lend itself to 
more precise analysis. For homogeneous ma- 
terials V; and Vg should, however, be identical, 
and it would be of great interest to repeat the 


present experiments on substances that can bc. 


obtained in the form of single homogeneous 
crystals of suitable size. 


9. Summary of Main Conclusions 


A. A simple theory of thermo-electric effects, based on 
the electronic energy relations at a contact, leads to an 
expression (21) that is in qualitative agreement with ex- 
perimental results over the temperature range —176 to 
+400 degrees centigrade. 


B. The Thomson coefficient of a semi-conductor can be 
deduced from the equilibrium condition between thermal 
diffusion and electric fields. (Equations (16) and (24).) 


C. Sintered titanium dioxide specimens consist of grains 
of different colour and hence, presumably, of different 
impurity content. 


D. In a semi-conductor that is not homogeneous (i.e., 
in which the average concentration of impurity centres is 
subject to local variations), "distributed contact poten- 
tials" must exist throughout the solid, even when the tem- 
perature is uniform. Distributed contact potentials cannot 
be directly measured by means of contact electrodes, 
since they are equal and opposite to the normal contact 
potentials. 


E. If temperature gradients exist in a heterogeneous 
semi-conductor, "distributed thermo-electromotive forces" 
appear in addition to the normal thermo-electromotive 
force. As a result, the apparent average thermo-power 
(Ep--E)/(11— Тз) tends to infinity as the temperature 
difference between the junctions tends to zero. 


F. Thermo-electric measurements can be used to grade 
a series of specimens in the order of their average impurity 
content. Comparison with the results of resistivity meas- 
urements then gives some guidance as to the extent to 
which the grain configuration affects the resistivity. The 
influence of configuration is detectable for the present 
specimens. 

G. If only one mechanism of conduction is active, 
thermo-electric measurements can be used to determine the 
character of a semi-conductor (excess of deficit type), 
provided that large temperature differences are used and 
certain precautions observed. 


H. The magnitude of the distributed thermo-electro- 
motive forces gives some guidance on the homogeneity of 
specimens. 

I. A correlation exists between the room-temperature 
conductivity of the specimens and the percentage shrink- 
age during preparation. The resistivity of the specimens is 
independent of the applied voltage. 

J. Resistivity measurements between room temperature 
and 4-200 degrées centigrade are strictly repeatable. No 
differences have been observed between chilled and slowly 
cooled specimens. 


K. In general, semi-conductors of high thermo-power 
have a high resistivity, and vice versa. 


L. The temperature dependence of the resistivity 
between room temperature and 200 degrees centigrade 
is well expressed by the theoretical equation R=KT* 
exp [eVs/2kT']. In the case of a heterogeneous solid, the 
interpretation of the energy term eV, is still in some doubt. 
It is thought probable that eV; represents some form of 
effective activation energy, e.g., of the kind arising from 
Lichtenecker's equations.?? 


M. Rough agreement can be reached between the activa- 
tion energies deduced from resistivity and thermo-electric 
measurements respectively. Exact agreement cannot be 
expected when the specimens are heterogeneous. 
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Relationship Between Rate of Transmission of Information, 
Frequency Bandwidth, and Signal-to-Noise Ratio" 


By C. W. EARP 
Standard Telephones and Cables, Limited, London, England 


HE history of communication is re- 
viewed to show the gradual growth of 
modern theory, stressing in particular 

the major steps made by Carson with his side- 
band theory, and by Armstrong with his demon- 
stration of improved quality of communication 
by use of increased bandwidth. 

Established principles of communication are 
considered to show how they may be fitted to- 
gether to form a coherent theory. After esti- 
mating the exact benefit to be gained by the use 
of the right balance between rate of transmission 
of information and the frequency bandwidth 
used in established expanded-band systems of 
communication, consideration is given to what 
particular features of transmission systems ap- 
pear to be necessary for best performance. 

Arising out of the above, a comparatively 
unknown system of modulation, tentatively 
called “step modulation," is shown to have all 
known characteristics of efficiency. The exact 
performance of the system is examined, and it is 
found that the process of bandwidth expansion 
to yield improved demodulated signal-to-noise 
ratio may be inverted to provide communication 
through reduced bandwidth at the cost of signal- 
to-noise ratio. 

Finally, based upon the above analysis, a 
hypothesis is put forward to the effect that the 
new system may define the theoretical limit of 
efficient use of frequency bandwidth for any 
transmission system, for the case when the only 
known characteristic of the information wave 
is the frequency band that contains it. 


* А symposium on “ Recent Advances in the Theory of 
Communication" was presented at the November 12, 1947, 
meeting of the New York Section of the Institute of Radio 
Engineers. Four papers were presented by A. G. Clavier, 
Federal Telecommunication Laboratories; B. D. Loughlin, 
Hazeltine Electronics Corporation; and J. R. Pierce and 
C. E. Shannon, both of Bell Telephone Laboratories. The 
paper by Mr; Clavier was entitled “Evaluation of Trans- 
mission Efficiency According to Hartley's Expression of 
Information Content" and has been submitted to the 
Institute for publication. 


1. Object of Paper 


It is the object of this paper to produce an 
integrated modern theory of communication. 
At the present time, there appears to be con- 
siderable confusion concerning what use can 
be made of frequency bandwidth; various estab- 
lished principles do not appear to be co-ordinated 
into one general theory. Such a co-ordination 
should, it is believed, not only do much to es- 
tablish a useful comparison between the effi- 
ciencies of well-known expanded-band systems 
of transmission, but may even permit us to 
specify a new ideal or maximum possible efh- 
ciency for thc transmission of information accord- 
ing to the frequency bandwidth available. 

The analysis does not include the conception 
of coding of specialised forms of information, 
but comprises only the problem of transmission 
of any waveform. No advantage will, for example, 
be taken of the fact that human speech usually 
carries much more information than the words 
that it comprises: we are here only concerned 
with transmitting any waveform with the maxi- 
mum possible fidelity. Though the possibility 
of bandwidth compression arises, for the purpose 
of this study this must not be achieved by any 
coding process that might convert a voice show- 
ing particular personal characteristics, dialect, 
or "feeling" into a "mechanical" voice. 


2. Historical Review of Commmunication 
Theory 


'The earliest electrical signalling was, of course, 
in the form of a code, information being carried 
in the form of a keyed direct current. Multi- 
channel operation was later achieved by the 
use of keyed alternating currents of different 
frequency, and at this stage problems of band- 
width were already becoming significant. 
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Electrical transmission of speech, which was 
made possible by translation of an acoustic 
wave by a microphone into a corresponding 
electric wave, marks an all-important advance in 
practical technique. It is interesting to note that 
before the days of radio, but following the use of 
equivalent telegraph systems, multiple -speech 
transmission was visualised by the distributor or 
time-sharing method. | 

The modulation of a carrier wave by speech 
currents is probably the next major step, and 
this immediately brings us to the time when the 
communication world became conscious of a 
relationship between signal-to-noise ratio and 
selectivity. Sideband theory was not, of course, 
available; the necessary frequency bandwidth 
for the transmission of speech on a carrier wave 
was not appreciated, though strangely enough, 
the bandwidth requirements of telephone lines 
for transmission of the speech ` wave itself were 
well understood. 

The development of sideband d and 
Carson’s conception of the single-sideband 
method of transmission probably represent the 
greatest contribution to communication theory 
up to the present. The single-sideband method 
persisted for a very long time as the fundamental 
ideal of transmission, and to this day it repre- 
sents the best standard of efficiency for making 
comparison between other systems. 

Both before and after the conception of single- 
sideband transmission, a great deal of work was 
carried out on other lines in an attempt to sup- 
press noise. All the methods developed, however, 
were based either on a fallacy or on special 
conditions such as the presence of a particular 
type of noise. For example, the use of a wide 
receiving bandwidth for amplitude-modulated 
transmission and the use of a limiter to remove 
very large but short peaks of noise are quite 
effective, and may give a greater signal-to-noise 
ratio than the use of the same power in single- 
sideband transmission. Such systems, however, 
as Carson himself pointed out, involve particu- 
lar assumptions with regard to the prevailing 
noise. 

The Carson theory that, when noise is com- 


pletely random in nature, the signal-to-noise: 


ratio of a transmission system depends entirely 
upon the power developed in the signal side- 
bands, held good for many years. In justice to 


Carson, it should be added that the theory still 
holds good in cases where final signal-to-noise 
ratio is rather low. When noise power, receivable 
in a bandwidth equal to the information-wave 
bandwidth, is equal to or greater than the re- 
ceivable signal power, then single-sideband trans- 
mission stands as an ideal that cannot be sur- 
passed in signal-to-noise performance by any 
system. In other words, if only ability to com- 
municate is considered, then single-sideband 
working represents a standard of perfection; it is 
only high-quality communication that has caused 
a revision of fundamental theory or, rather, 
opened up a new field of possibility. 

Up to the date of Carson’s teaching, improve- 
ment in signal-to-noise performance was at- 
tempted by reduction of transmission bandwidth. 
Having been set a very convincing lower limit | 
for bandwidth, no revolutionary improvement 
now appeared possible. Probably, the natural 
attempts to minimise bandwidth actually re- 
tarded the communication world in its next 
major step. | 

Armstrong appears to be the first to have 
established that. in conditions of small or 
moderate, but not very great, noise of a com- 
pletely random nature, the signal-to-noise per- 
formance of single-sideband transmission can be 
radically improved by the use of greater band- 
width. His convincing demonstration of the new 
standard of quality of transmission, which can 
be achieved by broad-band frequency modula- 
tion, represents an important advance in com- 
munication technique. 

At about the same time, A. H. Reeves was 
apparently conscious of the same principle in 
theoretical studies of pulse-time modulation, but 
practical development was not so rapid as in the 
case of frequency modulation. 

: Since the outbreak of war in 1939, little has 
been written of communication theory. Doubt- 
less the principles established by Carson and 
Armstrong are now well co-ordinated in the 
minds of most communication engineers, but 
the present paper attempts to establish clearly, 
and without appreciable mathematics, the sig- 
nificance of the fundamental parameters ‘‘side- 
band power content" and "frequency band- 
width." This rather simplified theory shows 
that well-known practical systems have very 
different performance characteristics, and we are 
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prompted to wonder whether there can be an 
ideal system. 

Expanded-band systems of well-known type 
all show unidirectional improvement of signal- 
to-noise performance with expansion of band- 
width from that which must be consumed by 
single-sideband transmission. The thought arises 
that if the parameter bandwidth can Бе ex- 
panded smoothly and usefully, it would appear 
inconsistent with nature to set an absolute 
lower limit to its value for this would prob- 
ably represent a discontinuity of law. Now that 
we have established the fact that bandwidth 
expansion can improve signal-to-noise ratio, is 
it not conceivable that bandwidth compression 
can be achieved at the cost of signal-to-noise 
ratio? In the past, bandwidth compression has 
been sought partly, of course, to provide a 
greater speed of signalling in a given frequency 
band, but also in the belief that the effect of noise 
would be reduced or eliminated. A fresh ex- 
amination of the problem, undertaken on the 
expectation that signal-to-noise ratio will suffer, 
should have a better chance of success. 

The present paper shows that there is no 
obvious discontinuity in the expansion and reduc- 
tion of bandwidth for transmission of a given 
rate of information by telegraphy, and after 
correlating telegraph and telephone practice, 
consideration is given to a little-known system, 
which may become of major importance. In 
1938, A. H. Reeves proposed a new method for 
expanded-band transmission, which he called 
pulse-step modulation, in which the claim was 
made that speech may be transmitted entirely 
without noise at the expense of a constant but 
very small coding distortion. 

This new system of transmission, which has 
recently received considerable attention by 
communication engineers and has been variously 
described as ‘‘pulse-code,”’ ‘‘pulse-count,’’ and 
"pulse-digital modulation," has not only a very 
high theoretical signal-to-noise performance, but 
also the unique feature of adaptability for both 
ex pansion and compression of transmission band- 
width. In the present paper, the suggestion is 
put forward that step modulation may represent 
a new and universal ideal system, in which 
maximum possible benefit can be obtained from 
the frequency bandwidth available. This con- 
ception would not displace the old ideal single- 


sideband transmission as the latter would re- 
main not only as the particular case in which. 
effective bandwidth available for transmission: 
is equal to the bandwidth of the information 
wave, but also as the method for achieving a 
signal-to-noise ratio of unity with a minimum 
of signal power. 


3. Early Principles of Communication 


This section will be devoted toa short analysis 
of simple but important principles of communica- 
tion that appear to have some significance in 
building up a co-ordinated theory. These prin- 
ciples are limited in useful application to those 
systems that were well known before expanded- 
band systems such as frequency modulation; 
they are, nevertheless, perfectly sound and need 
to be well understood before consideration of 
later developments. 


3.4 KEYING SYSTEMS 
3.1.1 Keyed Carrier Wave 


In the simplest of all methods of transmitting 
information, the periodic interruption of a 
carrier wave, noise can always be made to have 
no effect by the use of a sufficiently small re- 
ceiver bandwidth and reducing speed of keying 
until the receiver is able to follow it. The con- 
clusion should not be drawn, as was very com- 
mon in the early days of telegraphy, that noise 
can be eliminated by bandwidth reduction, for 
in this case we leave out the essential parameter 
of speed of signalling. The correct conclusion, 
which leaves out no essential parameter, is that 
for a given factor of safety in output signal-to- 
noise ratio, the speed of signalling is inherently 
limited by the amount of noise present in the 
transmission path. 


3.1.2 Multiple-Position Keying 


If the signal-to-noise voltage ratio of a keyed 
carrier system is great enough, then simple 
on-off or two-position keying may be replaced by 
three-position keying; i.e., on, half-on, and off 
keying. With sufficient signal-to-noise ratio, this 
principle may be extended to any desired number 
of key positions, hence permitting the use of a 
code that sends a vastly greater amount of 
information in a given time. 
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When noise is not a limiting factor, we may 
use either a code of greater complexity or key 
at a faster rate and, when noise does not permit 
a particular code and speed, either speed of 
transmission may be lowered or a simpler code 
may be used to provide error-free operation. 


3.1.3 Transmission of Infinitely Variable or 
Uncoded Waveforms 


The accuracy of transmission of an uncoded 
‘waveform can be improved indefinitely by 
reduction of bandwidth if the speed of sending 
is correspondingly reduced. Thus, if voice re- 
corded on a gramophone is transmitted as modu- 
lation of a carrier wave, noise picked up in the 
transmission path will have a smaller effect and 
demodulated signal-to-noise ratio may be im- 
proved by reduction of playing speed and re- 
ceiver bandwidth. 


In the case of transmission of a "real" voice at 


its natural speed, a reduction in bandwidth will 
result in a corresponding loss in frequency 
fidelity, so that good signal-to-noise ratio is 
achieved by direct modulation only when noise 
conditions are suitable for transmission of a very 
complex step code of the type mentioned in the 
previous section. 


3.2 SIDEBAND ANALYSIS OF TRANSMISSION 
SYSTEMS 


All signals that are used for the transmission 
of information can bc analysed to yield a system 
of sidebands, which correspond to the informa- 
tion wave, and other components which carry 
no information and can be considered as carrier 
waves. The best-known systems for transmission 
of speech are, perhaps, the amplitude-modulated 
carrier wave and the single-sideband system. 
The former contains a steady carrier wave un- 
affected by modulation and devoid of any ‘‘in- 
formation” and a pair of equal sidebands that 
represent the information wave. Single-sideband 
transmission represents the same transmission 
with carrier and one sideband completely re- 
moved: alternatively, it can be considered simply 
as the original information wave displaced, 
positively or negatively, in frequency. 

It is convenient to consider some systems as 
having a "complex" carrier wave, ог a whole 
system of carrier waves. For example, an ampli- 
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tude-modulated pulse train may be considered 
as a multiple-carrier amplitude-modulation sys- 
tem. The carrier wave in this case is a con- 
stantly modulated wave, which may be analysed 
as a whole system of "simple" carrier waves: 
modulation by the information wave produces a 
pair of sidebands corresponding to each of the 
simple carrier waves. 

For efficiency of transmission, it is evident that 
the carrier wave or complex carrier wave can 
serve no useful purpose except the simplification 
of receiver circuits because, being constant, it 
could be manufactured and supplied at the re- 
ceiver. Signal-to-noise ratio of a system using a 
carrier wave must, therefore, inherently suffer. 
In some carrier-wave systems, however, the 
penalty is not great except for very low levels 
of modulation as the carrier level is a function of 
modulation level and disappears entirely for the 
higher percentages of modulation: hence, peak 
signal-to-noise ratio is not affected. 

Transmission systems could be grouped or 
classified in a number of ways, but the following 
is found convenient for the purpose of this paper. 


A. Systems using sidebands only (e.g., single-sideband 
and other systems produced as the result of balanced 
modulation). 


B. Systems having a constant carrier wave or a complex 
carrier wave, plus sidebands (e.g., amplitude-modulated 
carrier or amplitude-modulated pulse trains). 


C. Systems having a single or a complex carrier that 
varies with modulation depth, plus sidebands (e.g., fre- 
quency-modulated carrier, and pulse-time modulation). 


As a rule; systems of type C have a constant 
mean power of transmission, the growth of side- 
bands with modulation compensating exactly for 
decay of carrier level. 

In all these systems, sideband power level 
rises linearly with modulation power level for 
very small values of modulation. In systems A 
and B, this is true for all values of modulation 
up to the maximum value, but in systems C, 
non-linearity commences fairly early without 
producing non-linearity of the overall trans- 
mitter-receiver system. Systems of type C, if 
modulated heavily, are outside the scope of the 
present section, their peculiar characteristics 
not being appreciated until after practical de- 
velopment of phase modulation. 
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3.3 SIGNAL-To-NoIsE RATIO FOR SYSTEMS OF 
LINEAR SIDEBAND VARIATION 


3.3.1 Single-Sideband Ideal 


The simplest linear transmission and recep- 
tion system of perfect efficiency is the single- 
sideband method. The whole power of the signal 
is used for transmission of information, and the 
frequency bandwidth occupied is just the same 
as that of the original information wave. The 
mechanism of reception assures equal efficiency 
of demodulation and, hence, signal-to-noise 
performance for all signal levels. 

Single-sideband performance represents the 
most satisfactory standard of efficiency for com- 
parison of all other systems, and if conditions 
of random noise are such that single-sideband 
working yields a signal-to-noise ratio of less than 


unity, then 20 system can yield a better perform- . 


ance. 


3.3.2 Ideal Linear Receiver 


The following theoretical method of reception 
appears to represent an ideal method for all 
transmission systems of the linear type. _ 

All transmission systems may be analysed to 
yield a system of sidebands. If at the receiver 
these sidebands are separately heterodyned, 
each yielding the original information wave 
plus noise, the separate demodulated outputs 
may be added together to yield a combined 
demodulated output. Such a receiver, which we 
shall call the “ideal linear receiver", may not be 
practical, but it is described here as a theoretical 
mechanism for the study of signal-to-noise ratio. 


3.3.3 Multiple-Sideband Systems 


It may be shown very easily that, applied to a 
transmission system of multiple sidebands of 
equal amplitude, the ideal linear receiver yields 
exactly the same demodulated signal-to-noise 
ratio that would be yielded by a single-sideband 
system of equal sideband power. The ideal linear 
receiver yields the maximum signal-to-noise 
ratio visualised by the early Carson theory, and 
still, of course, represents our theoretical ideal 
for all systems of linear sideband variation. 

In a multiple-sideband system, maximum effi- 
ciency is not achieved unless all sidebands are of 
equal level, but if demodulated outputs are suit- 
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ably weighted before combination, the imperfec- 
tion factor is very small indeed. 

The above conception suggests that high 
efficiency of a communication system depends 
upon uniform loading of the frequency band or 
bands occupied. 


3.3.4 Conclusions 


Single-sideband transmission gives a signal-to- 
noise performance that represents a theoretical 
ideal for all systems of linear sideband variation. 

Signal-to-noise performance for any system is 
inherently imperfect according to the ratio of 
sideband content to total power radiated. 

When a signal contains multiple sidebands, 
the demodulated signal-to-noise ratio does not 
necessarily suffer by this, but performance can 
never be improved by radiation of the same 
mean power as similar sidebands on different 
frequencies. (It appears from the above that 
signal-to-noise ratio cannot be improved by the 
use of expanded-band technique, but it will be 
shown in a later section that linear systems are, 
in effect, only equivalent to single-sideband 
working in true consumption of bandwidth.) 

Before continuing to a consideration of non- 
linear modulation ‘systems, something should, 
perhaps, be said to clarify the early conception 
that noise could be reduced by bandwidth reduc- 
tion. Evidently, noise power picked up in the 
transmission path may be reduced by reduction 
of receiver bandwidth, but this is merely a ques- 
tion of adapting the receiver to the required 
transmission, and reduction below a certain 
limit must inherently leave out some of the re- 
quired signal, causing either inability to receive 
the total information or a deterioration of 
signal-to-noise ratio. Though the single-sideband 
method of transmission appears to represent the 
system that uses the minimum possible band- 
width, it does not necessarily provide a better 
signal-to-noise ratio than any other system, for 
a multiple-sideband system of the linear type 
can give an equal performance. 


4. Principles of Expanded- Band Communi- 
cation 


The term ‘“‘expanded-band” is chosen de- 
liberately to define a transmission system that 
inherently consumes more effective bandwidth 
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‘than single-sideband transmission. Though the 
term “wideband” has sometimes been used, the 
latter is considered unsuitable, having been used 
also in the simple sense of channel-handling 
capacity. 


4.1 GENERAL 


The demonstration by Armstrong that con- 
tinuous-wave phase or frequency modulation 
could, in some circumstances, provide a better 
signal-to-noise performance than single-sideband 
technique made a deep impression on the ortho- 
dox communication engineer, appearing at first 
to indicate the necessity for a revision of theory. 

The essential difference between systems that 
are inherently limited to single-sideband per- 
formance and those that can give a greater 
demodulated signal-to-noise ratio has been iden- 
tified as a difference that corresponds to linear 
or non-linear variation of sideband power with 
modulation power level. The reason for superi- 
ority of non-linear systems is not, however, 
easily apparent, and the practical engineer who 
always expects to have to pay for a radical 
improvement considers at once what "currency" 
he must use to "purchase" this radical benefit. 

The answer, of course, is that the improved 
quality of transmission is obtained at the ex- 
pense of additional bandwidth. Though, at first, 
additional bandwidth does not always appear to 
provide improved signal-to-noise ratio, suc- 
ceeding pages will show that benefit may always 
be obtained from the true consumption of band- 
width. ` 

Confining ourselves for the moment to а 
consideration of the  phase-modulated  con- 
tinuous carrier wave, we see that for small 
amounts of modulation, bandwidth is constant, 
but that large modulation produces an increase 
in bandwidth. For large modulation, bandwidth 
is proportional to modulation voltage, and so, 
of course, is the output signal-to-noise ratio. 

If we use “bandwidth” as an essential factor 
for estimation of signal-to-noise performance, 
we see at once that two simple and practical 
parameters only—‘sideband power content" 
and "bandwidth'"—are required. When modula- 
tion is small, signal-to-noise ratio is determined 
by sideband power content only, and for large 
modulation, sideband content is substantially 
constant at 100 percent, when bandwidth varia- 


tion dominates. This method of analysis is 
simple and practical, and when applied to any 
continuous-wave system yields the result that 
signal-to-noise ratio is proportional to both side- 
band power content and bandwidth occupied. 


4.2 EFFECTIVE BANDWIDTH OF A COMMUNICA- 
TION SYSTEM 


Effective bandwidth of a communication 
system is here defined as the true bandwidth 
divided by the number of times this bandwidth 
may be used again by other transmissions of the 
same effective bandwidth without crosstalk be- 
tween the various systems. Analysis of signal-to- 
noise performance of communication systems 
using this new parameter yields the definite 
result that performance is always dependent 
upon the effective bandwidth consumed. 

In accounting for the performance charac- 
teristics of systems using intermittent signals, 
it is at first tempting to consider effective band- 
width as total bandwidth multiplied by the 
fraction of time utilised. Such a definition often 
yields the same result as the one given above 
but fails to account for the lack of improvement 
of a number of systems, for example, the ampli- 
tude-modulated carrier wave over the single- 
sideband system. 

4.3 LINEAR Systems ARE Not "EFFECTIVE 
WIDEBAND” SYSTEMS 


It can be shown that all systems of linear 
sideband variation do not effectively consume 
more bandwidth than the single-sideband 
method, and asa corollary this means that signal- 
to-noise performance cannot exceed that of 
single-sideband working. | | 

It will be noticed that two separate double- 
sideband systems may be radiated on diphase 
carrier waves of the same frequency without 
mutual interference, so that the effective band- 
width of a double-sideband system is not greater 
than for single-sideband transmission. Taking a 
more general case, if two sidebands a are radiated 
on different frequencies in any proportions de- 
fined by kia and Рза, then crosstalk does not need 
to be experienced from another communication 
channel using the same carrier frequencies, 
which radiates sidebands 5 in any different pro- 
portions (or phases) defined by cib and cab. 
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Separate demodulation of the frequency chan- 
nels yields (kıa+cıb) and (A2a+¢2b), when a 
combination in suitable proportions (and phases) 
can yield outputs containing either a without 8, 
or b without a. 

One special case of interest is the amplitude- 
modulated pulse train. If the information wave 
contains frequencies between zero and f cycles 
per second, then the minimum possible pulse- 
recurrence frequency is 2f per second. Now, 
video-frequency or direct-current pulses which 
are initiated in a total bandwidth of F cycles 
per second necessarily have a total duration of 
1/F seconds, and if it is desired to interlace a 
. number of similar channels with our considered 
channel, adjacent-channel time spacing without 
crosstalk may be equal to one half of the pulse 
width, i.e., 1/2F seconds. Such an arrangement 
would permit the use of F/f channels in the 
group period 1/2f seconds, so that effective 
bandwidth of a single channel is f cycles, the 
same as for single-sideband transmission. 


Bandwidth consumption of a radio-frequency ` 


pulse train is not greater, despite the fact that 
a radio-frequency pulse of a given duration 
occupies twice the bandwidth of a video-fre- 
quency pulse, because two complete diphase 
systems can theoretically be radiated on the 
same carrier frequency. 


4.4 Systems oF NoN-LINEAR SIDEBAND 
VARIATION 


A study of non-linear systems shows that 
effective bandwidth is always greater than for 
single-sideband transmission, and also that 
signal-to-noise ratio depends upon the value of 


this parameter. In many systems, signal-to- 


noise ratio is directly proportional to effective 
bandwidth, but the law of improvement is not 
always the same, as will be shown in the next 
section. 


5. Signal-To-Noise Ratio for Expanded- 
Band Modulation Systems 


5.1 GENERAL METHOD FOR DERIVATION OF 
PERFORMANCE CHARACTERISTICS 


The performance characteristics of various 
expanded-band systems of transmission may be 
derived from a study of the particular receiving 
mechanism used for the system concerned. 
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Obviously, the result obtained must be depend- 
ent upon the method used for demodulation, and 
as it is not always easy to prove that the method 
of reception must be ideal, it is felt that the 
method is not suitable for an academic study and 
comparison of various systems. 

Another method has therefore been found, 
which derives the maximum possible perform- 
ance figures for any system without réference 
to any practical receiving equipment. This 
method has been used to check figures derived 
by more practical logic, and wherever there is 
confidence that the practical receiving technique 
has no fundamental imperfection, agreement is 
perfect. The following processes are involved. 


A. Suppression of modulation to a very small amount, 
when it may be considered that sideband production is 
linear with modulation, that effective bandwidth is not 
greater than for single-sideband transmission, and that 
sideband power level is less than noise power receivable 
in that bandwidth. 


B. In the above conditions, it is not conceivable that 
any non-linear technique such as the use of limiters can 
assist in demodulation of the signal, and we accept Carson's 
definition of maximum possible signal-to-noise ratio, 
estimating this from the power of the sidebands present. 


C. On increasing modulation level to correspond to 
practical expanded-band communication, signal-to-noise 
ratio must, of course, be raised linearly with modulation. 


5.2 SIGNAL-To-NoIsE PERFORMANCE FOR CON- 
TINUOUS-WAVE PHASE MODULATION 


If we phase-modulate a carrier wave by a very 
small amount, then two sidebands only are pro- 
duced, апа the amplitude of each is 2/2 times 
the amplitude of the carrier wave, where * is 
the deviation in radians. 


2 
Total sideband power = 2 (3) 


и? . : 
37 times carrier power. 
Signal-to-noise ratio= Sem 


= Ssss X ? 


where Ssss is the signal-to-noise ratio for single- 
sideband transmission when using the same 
mean power at the highest level of modulation. 

But signal-to-noise ratio is always propor- 
tional to deviation, so the formula is correct for 
all values of deviation. 
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Thus, Spa = Ssss Е 


= 5582 х5 is (for large modula- 


tion), 


where В —bandwidth and 
b=bandwidth required for single-side- 
band working. 


The same formula results also from a considera- 
tion of the performance of practical receiver 
circuits, hence confirming that an orthodox re- 
ceiving technique represents an ideal receiving 
mechanism. 


5.3 PERFORMANCE OF PULSE-TIME MODULATION 


5.3.1 Effective Bandwidth of a Pulse-Time-Modu- 
lation Channel 


We have shown, in Section 4.3, that the band- 
width consumed by an amplitude-modulated 
pulse train is the same as for single-sideband 
transmission. In this case, the time allotted per 
pulse was equal to the pulse rise or half pulse 
width. 

In the present section, we shall consider only 
the case of pulse-time modulation of large time 
excursion, so that the time effectively consumed 
by a single pulse is equal to the total time that 
may be consumed by displacement modulation 
of the pulse. We shall neglect the comparatively 
small time consumed by the unmodulated pulse 
train. 

With this approximation, it is evident that the 
effective bandwidth of a pulse-time-modulation 
channel is equal to 


total time excursion 
half pulse width 
Xbandwidth for single sideband, 


5.3.2 Signal-T: o-Noise Ratio for Pulse-Time 
Modulation (Video- Frequency Pulses) 


Let time of pulse rise —7 seconds, and pulse- 
recurrence frequency — N per second. Frequency 
bandwidth == 1/2: cycles per second. Number of 
harmonics of pulse-recurrence frequency present 
=1/2Nt. Modulation total excursion of t seconds 
gives a phase excursion of pulse occurrence of 
--т Nt radians. Phase excursion of top harmonic 


= +r NiX 2 = +7 radians. 


N^ 2 


Now reduce modulation пт /2 times, where m is 
very large, when the modulation of the top har- 
monic=+1/n radian. Each sideband of top 
harmonic = 1/2» times harmonic amplitude. 

Therefore, total sideband energy of top har- 
monic 


=2X1/4n? 
=1/2n? times energy of top harmonic. 


Now, sideband amplitude is proportional to 
phase excursion and, therefore, to harmonic 
order, so sideband energy is proportional to the 
square of harmonic order. 

Sideband-power distribution is therefore para- 
bolic with frequency, and total sideband power 
equals 


1,1 1 
3i 6n 
of total energy of transmission. 

At this low level of modulation, where side- 
band power is linear with modulation power 
level, we cannot expect a better signal- to-noise 
ratio than that prescribed as a maximum by 
Carson. 

Hence, signal-to-noise ratio for pulse-time 
modulation = Ssss X (1/652)! for modulation 2/1 
of pulse rise (where Ssss is the signal-to-noise 


ratio for single-sideband transmission, using the 


same mean power at full modulation) 


nr, total excursion 
=5 _ н 
sox (оз) ^ 2 X time of pulse rise 
T x total time excursion 
246 ` time of pulse rise 


i$ for wideband working, 


= SssnX 


= 5звв X7 246 


where 8 —effective bandwidth and 
b — bandwidth required for single-sideband 
operation. 


It may be noted that the constant factor 
v/2N6 differs from the corresponding factor of 
1/2v2 for phase modulation and, in fact, repre- 
sents an improvement of performance of about 
5 decibels. Unfortunately, in the practical case 
of pulse-time modulation applied to radio sys- 
tems, actual bandwidth occupied by a multi- 
channel system is twice the effective bandwidth, 
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owing to the fact that the video-frequency 
system produces two sidebands on the carrier 
frequency used, so that practical performances of 
pulse-time modulation and continuous-wave 
phase modulation are very similar indeed, when 
using the same mean power of transmission. 


5.3.3 Special Note 


The theoretical method chosen for estimating 
signal-to-noise performance has found particular 
value in its application to pulse-time modulation. 
The equivalent formula developed from con- 
sideration of a practical receiver, in which the 
steep leading edges of pulses are used for de- 
modulation, yields a result which represents an 
imperfection factor of about 2 decibels. The 
suggestion is made that such a receiver is in- 
herently imperfect, and that the use of both 
edges of pulses, on which noise fluctuations are 
not identical, would assist in bringing perform- 
ance very near to the theoretical ideal. 

Alternatively, frequency-discriminator tech- 
nique could yield a similar result. 


5.4 PERFORMANCE OF TIME-SHARING 
FREQUENCY MODULATION 


The present section represents a purely theo- 
retical study of signal-frequency-modulated pulse 
trains, in which instantaneous values of the 
modulating signal are transmitted as signal- 
frequency values. Thus, a single communication 
channel can be considered as а frequency- 
modulated carrier wave that is "gated" into 
the form of short pulses. A number of such pulse 
trains, each bearing a different modulation, may 
be interlaced to provide a time-sharing multiplex 
system, and when the various pulses exactly 
fill up the whole of time, the total transmission 
is almost identical to that obtained by frequency 
modulating a continuous carrier wave by a multi- 
plex amplitude-modulated video-frequency train. 
Thus, the multiplex system is conveniently. de- 
scribed as time-sharing frequency modulation. 

The apparent super-efficiency of signal-to- 
noise performance as compared with continuous- 
wave phase modulation or. pulse-time modula- 
tion has not, so far as is known to the author, 
been confirmed by practical development, but 
there seems to be no reason for doubting it. 
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5.4.1 Effective Bandwidth of a Signal- Frequency- 
Modulated Pulse Train 


In a signal-frequency-modulated pulse system, 
the pulses are not displaced in time by modula- 
tion, and the various pulses of a time-sharing 
multi-channel system may be permitted to 
overlap without theoretical crosstalk as were the 
amplitude-modulation pulses of Section 4.3. 

Let the bandwidth occupied by a single radio- 
frequency pulse = Ву cycles per second. 

Let modulation frequency excursion = +B, 
cycles per second. 

Then, total bandwidth B —B,--22;. 

Pulse rise = 1/ B, seconds. 

For a modulating or information-wave band- 
width of b cycles, i.e., bandwidth for a single- 
sideband system, channel pulse intervals = 1/25 
seconds. 


maximum possible number of channels 
= B,/2b, 
.. effective bandwidth 8 per channel 


Total bandwidth varies upwards with the 
amount of modulation, and in the special case 
when bandwidth increase due to modulation 
(2B,) equals the total bandwidth of the un- 
modulated system (B), effective bandwidth per 
channel is 45, or four times that for single-side- 
band working. 


5.4.2 Signal-To-Noise Performance for Time- 
Sharing Frequency Modulation 


Maintaining the annotation of the previous 
paragraph, the deviation ratio for the highest 
modulation frequency b is equal to B2/b. 

In this state, all component carrier waves, 
which constitute the unmodulated repetitive 
pulse train, are modulated +B./d radians, and 
if the amount of modulation is very small, only 
one pair of sidebands is produced for each 
carrier. 


The power level of each pair of sidebands is 


27 b 
power; 
1 


2 
x times total signal power. For a system 


1. /B.\? . ; Р 
xX(=) times that of the associated carrier 


therefore, total sideband power is 
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in which deviation ratio is independent of modu- 
lation frequency, the signal-to-noise ratio would 


be 
Be 
5 (5 ) 


but in frequency modulation, deviation ratio is 
inversely proportional to modulation frequency. 
This has the effect of providing a triangular 
signal-voltage pattern or, alternatively, for cor- 
rect fidelity, a tilted noise characteristic. Noise, 
therefore, has a square-law power distribution 
over the modulating-signal band, and total noise 
power is suppressed three times as compared with 
the system of constant phase deviation. 

Hence, signal-to-noise ratio for time-sharing 
frequency modulation 


= Srgrm 
= Sss X exe 


1. B— ; 
= 5х хі x : 


v3 
= Ss XXX (B —2nb), 


where n = number of channels or 


v3 B 
= 5х (2 -m) 


Thus, if n is small, performance approximates 
to that of continuous-wave frequency modula- 
tion, despite the fact that only a small part of 
time is occupied. 

In terms of effective bandwidth £, 


УЗ 
Srsrm = Sssp X 7% (2-2) хт. 


In the special case when modulation is suffi- 
cient to double overall bandwidth, when 8/5 —4, 


з. В 
Stsrm = SssB X Xa 


or 
RÀ 
or 
v3 B 
Ssss Хау Хр xn. 


The last expression indicates an improvement 
over pulse-time modulation of (#v3)/4 times, 
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which may not have much significance for a 
10-channel system, but would be of vast impor- 
tance for a 200-channel system. 


6. Noise Barrier 


'The mechanism of reception for any expanded- 
band system depends for correct operation upon 
the signal amplitude being greater than the 
noise amplitude in the transmission medium. 
For example, in the case of a time-modulated 
pulse train, peaks of noise equal to signal pulses 
would cause ambiguity in recognition of pulses, 
and immediate failure of the receiver. In a similar 
way, the mechanism for reception of a phase- 
modulated. carrier wave depends upon the 
carrier amplitude exceeding the noise amplitude 
at the demodulator. 

'The effect of such breakdown is to introduce 
a new type of noise, the amount depending 
upon the frequency of breakdown. 


6.1 PRACTICAL EFFECT OF NOISE BARRIER 


In earlier sections of this paper, signal-to- 
noise performances have been estimated without 
reference to the breakdown point, which de- 
stroys the action of the receiving mechanism, 
and the impression might be gained that the 
formulae are quite accurate for moderate ex- 
pansion of bandwidth, but that they are subject 
to a simple top-limit of bandwidth defined by 
peak noise. This, however, is not the case. 

First, let us consider the characteristic of 
noise. For the purpose of the present study, we 
shall define noise as interference energy uni- 
formly distributed over the frequency band, and 
which can usually be considered as a spectrum 
of equal but infinitesimal sine waves of all pos- 
sible frequencies, spaced uniformly at infinites- 
imal intervals of frequency. 

Such a definition comprises completely random 
noise, most natural static, and most forms of 
man-made static, but does not include what 
might be called "intelligent interference," com- 
prising all interference energy to which the 
communication system is particularly suscep- 
tible, whether it be deliberately designed inter- 
ference, many types of interfering signals, or 
some exceptional form of man-made static such 
as interference from a high-frequency furnace. 

Under this definition of noise, though it is true 
that noise power is always proportional to 
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bandwidth, the relationship between peak noise 
voltage (which determines the breakdown point) 
and root-mean-square noise voltage is not de- 
finable. In the case of completely random noise, 
the maximum noise peak in any bandwidth is 
theoretically infinite, and in all types of noise it 
is evident that very high peaks are possible. 

In a practical communication system, occa- 
sional breakdown cannot be avoided, whatever 
the bandwidth chosen, but we may deduce the 
following. 

In systems in which output signal-to-noise 
ratio is satisfactory but in which bandwidth 
expansion is small, the signal-to-noise ratio in 
the transmission medium is also satisfactory, so 
the frequency of breakdown is small, and the new 
source of noise has little significance. Bandwidth 
expansion can never reduce the frequency of 
breakdown, and in most cases will tend to 
increase it, so that useful expansion of band- 
width is limited. Thus, output signal-to-noise 
-ratio expands with bandwidth, at first according 
to the law already defined by our formulae, 
then at a lower rate, usually passing through a 
maximum value and decreasing rapidly due to 
very frequent breakdown. 

At first sight, consideration of the noise barrier 
appears to complicate our signal-to-noise calcu- 
lations to a high degree, but this is hardly neces- 
sary in most practical applications of expanded- 
band systems, for the reason that such systems 
are normally designed to operate well within the 
bandwidth corresponding to the noise barrier. 
It is rare that bandwidth is so plentiful that it 
can be consumed without reference to the in- 
formation-carrying ability of the communication 
channel. 

As an example, let us consider the case of a 
multi-channel pulse-time-modulation system in 
which 20 separate speech channels are required, 
the demodulated signal-to-noise ratio of each 
channel being 60 decibels. The suggestion is 
made, here, that it would be impracticable to 
design equipment giving a signal-to-noise im- 
provement over single-sideband working of 
50 decibels, for the reason that total consump- 
tion of bandwidth would be excessive. It would 
appear that not more than about 20 decibels 
improvement over a single-sideband system 
could be designed for, when the theoretical 


ELECTRICAL COMMUNICATION 


‘bandwidth expansion factor would be about 20 


for the video-frequency system or 40 for a high- 
frequency system, and the practical overall con- 
sumption of bandwidth is likely to be 80 times 
the theoretical bandwidth for single-sideband 
working. A practical bandwidth expansion of 80 
times, on a 20-channel speech system of 3000- 
cycle-per-second fidelity, involves a transmission 
bandwidth of nearly 5 megacycles per second, 
which represents a practical receiver bandwidth. 
In this case, signal-to-noise ratio in the high- 
frequency transmission channel is about 40 
decibels so that the frequency of breakdown due 
to high peaks of noise is quite insignificant. 

In amplification of the above, it may be men- 
tioned that for completely random or fluctuation 
noise the peak value of noise will exceed the 
root-mean-square value by a factor of 4.4 for 
only one part in 100,000 of time. 

In cases where total consumption of bandwidth 
has little significance, the maximum useful ex- 
pansion depends upon both the type of signal 
used and the characteristics of the prevailing 
noise. Significance of type of signal becomes 
evident when we consider that in a continuous- 
wave method of transmission the peak signal is 
independent of bandwidth, but it may be in- 
creased very much by the use of intermittent 
transmission. Thus, frequency modulation ‘is 
much more susceptible to noise-barrier limita- 
tions than pulse-time modulation. The signifi- 
cance of the type of noise becomes evident when 
we consider that in the case of completely 
random noise the frequency at which the noise 
peak exceeds the root-mean-square value by a 
given factor is statistically definable and is inde- 
pendent of bandwidth. However; in the case 
of impulse noise, the peak to root-mean-square 
ratio is proportional to the square root of band- 
width, whereby harmless peaks in a narrow 
bandwidth become more and more significant 
with band expansion. 


7. Résumé of Established Principles 


A. Demodulated signal-to-noise ratio or over- 
all quality of transmission corresponding to a 
given rate of transmission of information, is 
determined by the signal power available as 
sidebands and the frequency bandwidth avail- 
able. 


INFORMATION, 


BANDWIDTH, 


AND SIGNAL/NOISE 189 


B. In general, increased bandwidth permits 
improved quality of transmission, but there is a 
limit to the maximum useful expansion. 

C. Expansion of bandwidth towards the 
limit defined in B introduces a new source of 
noise, which eventually becomes the predominat- 
ing factor, and expansion beyond this limit may 
involve a rapid deterioration of overall per- 
formance. 

D. Maximum efficiency is obtained by the 
uniform energy loading of the frequency band 
occupied. 


& Unification of Telegraph and Telephone 
Theory 


The analysis already given in Section 3.1 
shows a very close connection between telegraph 
and telephone systems. A simple on-off telegraph 
system is able to transmit only a very simple 
waveform, The multiple-position keying system 
of Section 3.1.2 shows that when noise conditions 
are more favourable, a higher quality of trans- 
mission can be achieved by the use of a code of 
greater information-carrying ability. If the 
signal-to-noise ratio is large, then the number of 
possible positions or code units also becomes 
large, and a more complex sequence of units or 
a more complex waveform can be transmitted. 
In transmitting a speech waveform, then, we 
have in effect an infinite number of code units, 
and distortion by noise is inevitable. 

It was a consideration such as the above which 
led A. H. Reeves to the conception of transmis- 
sion of speech without any noise by his step- 
modulation principle. Before continuing to a 
description of this system, certain principles 
will be given that will help in understanding an 
extension of the simple telegraph to a telegraph 
system of multiple code units, and then to trans- 
mission of any waveform such as speech. 


8.1 RATE AND QUALITY OF TRANSMISSION OF 
INFORMATION 


8.1.1 Maximum Rate of Signalling 


The maximum number of units of information 
per second that can be transmitted in a given 
bandwidth is equal to twice this bandwidth 
expressed in cycles per second. 

This principle is clearly established from the 
conception of single-sideband transmission, for 


in the frequency band zero to f cycles per second, 
any combination of successive amplitudes up 
to a rate of 2f per second may be absolutely 
defined by a wave that contains frequency com- 
ponents up to f cycles per second maximum. 
In other words, a Fourier analysis of a waveform 
that gives an exactly correct result at instants 
uniformly spaced 1/2f seconds does not need to 
include frequency components higher than f 
cycles per second. 


8.1.2 Quality of Signalling 

The number of kinds of units of information, 
for example the number of different sizes of 
units, that can be transmitted and received 
without ambiguity depends upon the amount of 
noise prevailing. 


8.1.3 Production of Noise by Use of Complex 
Telegraph 


When the number of kinds of units to be 
transmitted exceeds the value that resolves all 
ambiguity, a breakdown of the system occurs 
causing an interference or noise voltage in the 
receiver, the transmitted waveform being repro- 
duced with errors. 

Transmission of smooth and infinitely variable 
waveforms such as speech involves the effective 
use of an infinite number of kinds of units of 
information and thus an inherent production 
of noise. 


8.2 TELEPHONE TRANSMISSION WiTHOUT NOISE 


If a communication system is capable of 
producing an output wave in which instantane- 
ous values lie between +V volts, when noise 
voltage peaks cannot exceed +(V/n) volts, 
then an unambiguous code of (n+1) different 
units can be used. Thus, on transmitting a con- 
tinuous waveform, this waveform could be first 
translated at the transmitter to a wave com- 
prised of abrupt steps of amplitude having 
(14-1) step levels, and circuit noise could never 
make any of the step levels ambiguous because 
the differential level of adjacent steps is twice 
the maximum noise voltage. 

In receiving speech transmission by this 
method, it is not possible for circuit noise to 
modify the output waveform in any way, so 
that we can consider reception to be completely 
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noise-free, at the expense of a small constant 
distortion in transmission. This represents the 
basis of the step-modulation principle proposed 
by A. H. Reeves, showing the final co-ordination 
between telegraph and telephone systems. This 
step system will now be considered in greater 
detail. 


9. Step Modulation * 
9.1 SuPPRESSION OF NOISE BY QUANTIZING 


'The first principle of the system proposed by 
Reeves has already been expressed in the pre- 
ceding paragraph. The steps must necessarily 
be imposed on the signal before transmission, 
rather than at the receiver, to avoid all ambiguity 
of receiver output due to noise. The receiver, 
being able to recognise all steps without am- 
biguity in a pre-arranged series of values in 
simple arithmetic progression, réproduces the 
same relative step amplitudes that were trans- 
mitted in the form of a series of instantaneous 
values that are nearest to the correct values 
of the original infinitely variable wave. Adjacent 
values are arranged to differ sufficiently to 
avoid ambiguity in the receiver through dis- 
placement by noise: that is, adjacent steps are 
separated by atleast twice the peak noise voltage. 


9.2 CODING OF SIGNAL VALUES 


To the conception of quantizing of the in- 
formation wave according to a convenient series 
of values, a process that may conveniently 
take place at a uniform sampling rate, Reeves 
added the principle of more accurate transmis- 
sion of the waveform concerned by introducing a 
second channel of equal power, bandwidth, and 
sampling rate, this channel radiating a new series 
of step values, which may be used to provide a 
second-order approximation to the true. in- 
stantaneous values of the information wave. 
For example, if the first channel transmits values 


corresponding to 0, 10, 20, 30,. . . ., 90, then the 
second channel transmits a similar series of values 
that denote discrepancies 0, 1, 2, 3,...., 9 


in the first series. The two channels are thus able 
to indicate all values between 0 and 99 without 


*The present paper was written in original form in 
October, 1946, when the author had no knowledge of any 
practical development of pulse-code modulation, as the 
system is known today. 


ambiguity due to interference by noise. Informa- 
tion-wave distortion may, of course, be reduced 
indefinitely by the use of additional channels. 

At this stage, it became evident that the 
principle of sending accurate values by means of 
combinations of values represented a simple 
coding process; any desired overall accuracy of 
transmission could be achieved by using a 
suitable number of channels and step positions 
on each channel. In considering the maximum 
extension of bandwidth, as determined by the 
number of channels, Reeves’ original patent 
makes the suggestions that speech might be trans- 
mitted with sufficient accuracy by means of 32 
signal values, and that these could be produced by 
five channels, each of which has only two step 
positions. In other words, each channel works on 
a simple-telegraph on-off basis, the total number 
of combinations being 2° or 32. 

Speech transmission by means of a binary code 
of on-off pulses may be achieved in a number of 
ways. Applications can be envisaged in which the 
five (or more) on-off channels might be applied 
to five different wire circuits. Alternatively, the 
various channels could be allotted to different 
frequency bands. Most likely, however, the 
time-sharing principle would be adopted for 
transmission of not only the code units of a single 
speech channel, but also the groups of units 
corresponding to many other speech channels, 
all in a single wideband channel. 


9.3 STEP MODULATION Is Not A TRUE CODING 
SYSTEM i 

The step-modulation system has been de- 
scribed as a pulse coding system, as combinations 
of pulses are coded to mean different amplitudes 
of the signal wave. In this sense, of course, the 
process of transmission does involve a coding 
operation, but the coding operation is very 
different from the type of coding that has pre- 
viously been proposed for the transmission of 
speech. 

Just as a specialised letter code is only ap- 
plicable to a particular language and even to a 
specialised field of interest, coding systems for 
speech, which have already been given that 
designation, have been dependent upon certain 
assumptions about the waveforms that could 
possibly be produced by the human vocal 
cords. The point to be made here is that the 
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step system is capable of transmitting any kind 
of waveform, including all kinds of sound wave- 
forms whether harmonious or otherwise. 

Though the steps imposed upon the signal pro- 
vide a semblance of coding of the type with 
which we have previously been familiar, the 
distortion produced may be controlled to any 
degree of precision required by the information. 

In actual practice there is no necessity to 
tolerate the presence of any coding distortion. 
The author has suggested that if residual “true” 
noise is preferred to circuit distortion, this is 
achieved simply by radiating the channel that 
transmits the smallest signal steps, not in the 
form of a finite series of specific values, but in the 
form of the exact discrepancy of signal amplitude 
defined by the other channels. In this case, 
there can be no trace of a step in the demodu- 
lated signal, the circuit noise of the last or 
maximum-detail channel contributing the exact 
amount of signal required, plus a little noise 
just as in other systems of transmission. 


. 10. Signal-To-Noise Performance of Step 
Modulation 


Signals transmitted by step modulation can 
be considered as having no noise, but a constant 
circuit distortion, or as having a distortion noise 
level, the peak of which cannot be greater than 
half the difference between two adjacent step 
levels. As a rule, the type of distortion produced 
can be more easily tolerated than random noise 
of the. same power level, so that if we treat the 
step distortion as noise, we shall appear to be 
making a conservative estimate of signal-to- 
noise performance. However, full advantage 
cannot be taken of the smaller nuisance value 
of step distortion, fof if we use this to reduce the 
total number of signal values, during periods of 
low modulation level, percentage distortion is 
liable to rise by an intolerable amount. To avoid 
this defect, practical development has intro- 
duced the feature of logarithmic amplitude com- 
pression of the information wave before quan- 
tizing so that successive steps correspond to 
information-wave values arranged in geometric 
progression. For example, if a total of 32 signal 
values are used, 16 positive and 16 negative, 
these may be chosen at 1.5-decibel intervals, but 
converted to linear steps of approximately 6 per 
cent of maximum amplitude by amplitude com- 


pression. In such a system, the amount of dis- 
tortion or step noise varies with signal output, 
but percentage distortion is almost independent 
of modulation level. 

The present study will be confined to a con- 
sideration of coding of signal values arranged 
in simple arithmetic progression. In this case, 
though step noise is zero for the condition of no 
modulation, it is otherwise almost independent 
of modulation level, and comparison with other 
expanded-band systems is made easier. 

First, however, to make a comparison of signal- 
to-noise performance upon an identical basis, we 
shall consider performance of the modified step 
system mentioned in the previous section. In 
this system, in which the maximum-detail 
channel is transmitted as an exact correction, 
noise has the same meaning as for normal trans- 
mission systems, and comparison is completely 
fair. 


10.1 StcnaL-To-NoIsE PERFORMANCE OF THE 
MODIFIED STEP SYSTEM 


In the present analysis, it will be assumed that 
the various coding channels are each transmitted 
by single-sideband methods. 

On dividing the available signal power into 
n equal parts for division among separate 
channels, maximum channel signal-to-noise ratio 
=$ ssB/ Vn. 

This value represents the signal-to-noise ratio 
of the fine-detail channel. However, we have 
(n—1) other channels, which may each com- 
prise signal values corresponding to any of N 
information-wave values, the number of step 
positions chosen for each of these channels. 

These (n—1) channels have a total of №! 
code positions, and these are effective in expand- 
ing the signal-to-noise ratio of the fine-detail 
channel by the same amount. 

Hence, signal-to-noise ratio for the step 


system 
Sss XN. 


Үп 


In this formula, м is the bandwidth expansion 
factor 8/b used in analysis of other systems. 
The important feature to be noticed is that 
demodulated signal-to-noise ratio is not a simple 
function of bandwidth expansion as in the case 
of frequency and pulse-time modulations, but 
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can be made very large if JV can be large. The 
value of N, the number of step values, is of 
course limited by the noise-barrier conditions, 
and the exact limitation must depend upon the 
nature of prevailing noise. 


10.2 CONSIDERATION OF Norse BARRIER 


The step system appears to be different from 
any other transmission system in that constants 
can be chosen that make the noise barrier or 
breakdown threshold a very serious considera- 
tion, even when only a very moderate bandwidth- 
expansion factor is used. In other words, the 
enormously improved suppression of the only 
type of noise that can have much practical 
significance in most transmission systems is 
attained: only at the expense of reduced factor 
of.safety against what has previously been con- 
sidered as a breakdown effect. However, it is 
usually found that a design that has equal limita- 
tions imposed by two or more separate effects 
is more economical than one which accidentally 
avoids all but one of such limitations. 

It is beyond the scope of the present study, 
to consider the exact optimum design for a step- 
modulation communication system, in which 
normal and breakdown noise impose equal limi- 
tations, but approximations will enable us to 
draw useful conclusions. 

As previously stated, in the case of completely 
random noise, the peak value will exceed the 
root-mean-square value by a factor of 4.4 for 
only one part in 100,000 of time. For communica- 
tion in which ultimate signal-to-noise ratio is 
moderate, the occasional breakdown caused by 
peak noise can be permitted, and we may assume 
an effective peak to root-mean-square ratio for 
noise that is not greatly in excess of 4.4. 

In considering the performance of step modula- 
tion, this factor becomes significant in a de- 
termination. of the maximum number of un- 
ambiguous values that can be transmitted in a 
single channel, and also in the number of coding 
channels that can be used, causing the noise 
barrier to assume a dominating importance 
despite the use of a small frequency band. We, 
therefore, introduce the factor р to define the 
ratio of effective peak to root-mean-square noise 
in a transmission bandwidth equal to that of the 
information wave. 
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10.3 VARIATION OF SIGNAL-To-NoIsE RATIO 
WITH BANDWIDTH-EXPANSION FACTOR 


On splitting the available signal power into n 
equal parts for division among * separate chan- 
nels, channel maximum signal to root-mean- 
square noise ratio— Ssss/Y* and maximum 
signal-to-peak-noise ratio = Ssss/ (pv). 

In each channel, the available power may be 
used to provide N instantaneous values, this 
being achieved without ambiguity provided that 


Sssp 
N< 1]- 
P ) 


The total number of combinations of the 
simultaneous” values = N”, and the demodulated 
maximum signal-to-peak-noise ratio 5 = N*— 1. 

The maximum value of this function corre- 
sponds to the maximum value of N, which is the 
integral value between 


Sssp 
1 }- 
and (5 Y ) 


Therefore, maximum possible signal-to-Peak- 
noise ratio S approaches very near to 


Sssp ^ 
(е!) -1 

This function is plotted in Fig. 1 for various 
values of Ssss/f. 

The expression is valid for both the normal 
step-modulation system, and also for the modi- 
fied system in which the fine-detail channel is 
transmitted as an exact value. In the latter case, 
however, effective peak to root-mean-square 
noise is equal to f, so we can state that maximum 
possible signal to root-mean-square noise ratio 
is not greater than 


Sgsp i 
x +1) -if 
(62+) 
In this expression, the number of channels 


n represents: the bandwidth-expansion factor 
8/b, as used in earlier sections. 


Ssss 


Pn 


10.4 Maximum SriGNAL-To-NoisE RATIO FOR A 
GIVEN AVAILABLE POWER 
'The expression derived in the last paragraph 


appears, at first sight, to permit unlimited ex- 
pansion of bandwidth and signal-to-noise ratio. 


INFORMATION, 


This, of course, is not true, the formula being 
valid only when channel signal-to-noise ratio is 


greater than unity. Thus Sggp/pVn>1. 


Hence, 
п es E! 
*"max p 


and maximum signal-to-peak-noise ratio 


Smax = 2(555в/?)# — 1 
= omes 1, 


The function Smax is plotted in Fig. 1 against 
nmax and this serves to show the maximum ex- 
pansion of bandwidth possible, and the maximum 
possible signal-to-noise ratio obtainable for a 
given available power of transmission. 


11. Bandwidth Compression 


11.1 THEORETICAL POSSIBILITY OF BANDWIDTH 
COMPRESSION 


'The possibility of coding speech so that the 
normal information or meaning may be trans- 
mitted in a smaller bandwidth is very well es- 
tablished. Such methods, however, either leave 
out some characteristics of the voice, which may 
not be of importance in the sense that exact 
accent may not be required, or else the speech 
waveform may be assumed to have particular 
characteristics that are specially favoured by the 
transmission method chosen. This technique is 
outside the scope of the present study and can- 
not be considered, academically, as better than 
bandwidth reduction by reduction of frequency 
fidelity. 

Early attempts at true bandwidth compression 
have usually been undertaken with the object of 
noise reduction, and this may be why no success 
has been achieved. 

Earlier sections of this paper have established 
that signal-to-noise ratio may rise rapidly with 
increase in bandwidth, and also that with a given 
amount- of power and bandwidth, signal-to-noise 
ratio can be raised by reduction of rate of trans- 
mission of information. Surely, then, if we in- 
crease rate of transmission of information in a 
given bandwidth, or if we maintain the rate of 
transmission in a reduced bandwidth, we must 
expect to reduce signal-to-noise ratio. 
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Fig. 1—Performance curves for step modulation. 


S= C= ya. 
UA 


When n=1, S—Sgspg/p as for single-sideband trans- 
mission. 


It is evident from earlier sections of this paper 
that rate of transmission of information is not 
inherently limited by bandwidth. The amount of 
information that can be transmitted, when using 
a suitable code, depends not only upon the num- 
ber of units of information per second (defined 
by bandwidth), but also upon the number of 
kinds of units, defined by signal-to-noise ratio. 
To transmit a waveform such as speech through 
a narrow band, we must evidently modify our 
speech waveform to have a smaller number of 
units per second, and to compensate for this, 
the quality or number of kinds of units must be 
increased. 
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This is the statement of principle expounded 
by the author in a discussion with A. H. Reeves 
in 1941, when the latter at once suggested, 
“Surely, then, all we need is the exact inverse of 
the step system," and proceeded to explain the 
exact mechanism for inversion. 

Stated simply, if signal-to-noise ratio is such 
that by single-sideband transmission, 100 sepa- 
rate values can be transmitted without am- 
biguity, then these values could be coded to 
indicate all possible combinations of pairs of 
values of a set of 10 possible values. Thus, the 
rate of transmission of units may be halved if 
quality of unit is allowed to suffer. By this 
mechanism, bandwidth may be halved if signal- 
to-distortion ratio is allowed to fall from ap- 
proximately 40 to about 20 decibels. 


11.2 INVERTED STEP SYSTEM 


An examination of Fig. 1 shows signal-to- 
noise curves extending on both sides of the 
single-sideband abscissa of bandwidth. This 
extension will be found to be perfectly valid if 
the horizontal scale is considered to be marked 
in effective bandwidth. In other words, if actual 
bandwidth is maintained constant and only 
half the pulse periodicity is used, effectively 
filling only half of time, then no assumptions are 
necessary for establishment of validity. 

If it is desired actually to transmit a waveform 
in truly reduced overall bandwidth, we must 
pause to consider the effect of reduction of band- 
width on effective noise peak voltage. 

For purely amplitude-modulated noise or im- 
pulse noise, the noise peak is proportional to 
bandwidth, and such an assumption would 
permit a better signal-to-noise ratio than is 
shown by the curves for bandwidth compression. 
For purely frequency-modulated noise, by which 
we mean noise concentrated in a very small band- 
width and very slowly sweeping over the fre- 
quency spectrum, then noise peak is substan- 
tially independent of bandwidth, and reduction 
of signal-to-noise ratio must be more serious 
than the curves indicate. For completely random 
noise, in which effective noise peak is propor- 
tional to the square root of bandwidth, the 
curves are valid for expression of signal-to-noise 
variation with true physical bandwidth. 

The above conception does not, of course, 
deny the possibility of true bandwidth compres- 


sion without assumptions with regard to noise, 
but a new set of curves would have to be pro- 
duced, showing a rather more pessimistic per- 
formance for bandwidth compression. For the 
purpose of the present paper, we confine atten- 
tion to effective-bandwidth reduction in which 
true bandwidth is not reduced, but the number 
of channels in a given bandwidth may be in- 
creased without theoretical limit. 

The theoretical possibility of bandwidth com- 
pression is interesting from an academic stand- 
point, but it is very doubtful whether it can 
provide a useful engineering result. Quite apart 
from the difficulties involved in production of 
practical equipment, current problems would 
appear to favour a slight increase in bandwidth 
from the basic single-sideband system, rather 
than reduction, to provide satisfactory signal- 
to-noise ratio with economy of power. 


12. Step Modulation as an Ideal System 


Examination of signal-to-noise formulae de- 
veloped for various communication systems sug- 
gests that there are two systems of outstanding 
efficiency of transmission, in their ability to use , 
a given power and effective bandwidth to set 
up the greatest signal-to-noise ratio at the re- 
ceiver output. These systems are the intermit- 
tent frequency-modulation system of Section 5.4 
and the step-modulation system. 

In terms of effective bandwidth, the inter- 
mittent frequency-modulation system appears 
to give the better result in some circumstances, 
but in terms of the same total bandwidth the step 
system is always superior. The frequency- 
modulation system appears superior (for con- 
stant effective bandwidth), if the prevailing 
noise is of the type in which effective peak to 
root-mean-square ratio is not increased by band- 
width expansion, as is the case for completely 
random noise. In the case of impulse noise, how- 
ever, in which noise peak is proportional to band- 
width, the frequency-modulation system is very 
limited in expansion of total bandwidth. 

Confining attention to the use of the same 
total bandwidth, it seems certain that the step 
system represents the most efficient system 
known, and in view of the fact that it appears to 
utilise every possible feature of communication 
efficiency, one is tempted to wonder whether it 
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may represent an ideal that could never be sur- 
passed. In support of this suggestion, one may 
list the following features. 


A. The whole signal power is used to produce sidebands 
or information-bearing power. 

B. Effective bandwidth is controllable for adaption to 
noise conditions. 


C. Signal power uniformly loads the frequency band 
occupied. : 


D. Signal power uniformly loads the dimension time, 
hence minimising total bandwidth. 


E. Given a fixed bandwidth, constants may be chosen 
so that nornial noise and breakdown noise impose equal 
limitations. 

F. It.is interesting to consider the feature of reversi- 
bility of the process of bandwidth expansion and com- 
pression. It is likely that the most efficient system possible 
is capable of inversion, yet if so, there is only one reversible 
system. Inversion, without grave discontinuity, of a. sys- 
tem that gives an inferior performance on one side of the 
single-sideband standard would give a better performance 
than the ideal on the other side of this abscissa. Thus, if 
the ideal system is reversible, there is only one reversible 
system, the step system. 


In conclusion, though considerable evidence 
tends to set up the step-modulation system as a 
system of very high theoretical performance, 
it must not be assumed that it may eventually 
take the place of all others. Even if we confine 
attention to theoretical merit, the system does 
not dislodge single-sideband transmission from 


its position as a theoretical ideal, except when 
bandwidth available for transmission is in ex- 
cess of single-sideband requirements. The single- 
sideband system can be considered as a special 
case of step modulation, in which the bandwidth 
consumed happens to equal the information- 
wave bandwidth. It may be that nature's 
choice of frequency bandwidth for the human 
voice is very fortunate, and that any highly 
developed communication system will find that 
this represents a natural optimum. 

In considering practical difficulties, we may 
note that the single-sideband system was unable 
to dislodge the use of simple amplitude modula- 
tion from many applications, and that the 
considerable. complexity of signal-coding de- 
vices may well retard or prevent the use of 
step modulation even in cases where large band- 
width is available. We can only say, with 
certainty, that in any case where available band- 
width is very large, theoretical performance of 
step modulation is vastly superior to that of 
single-sideband working. | 
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New Developments in Marine Radio Direction Finders* 


By H. BUSIGNIES 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


REVIEW of the past and present state 
A of marine direction finding and a com- 

parison of its merit and fields of ap- 
plication with those of radar and loran are pre- 
sented. Although marine direction finders have 
incorporated all of the design and component 
progress made in radio in the last 20 years, they 
are still not only working on the same basic 
principles, but the means of achieving measure- 
ments are practically identical to those used 20 
years ago. Some of the reasons for this condition 
and factors that seem to limit further progress 
are reviewed. 

A number of suggestions for improvement are: 
use of other parts of the frequency spectrum, use 
of pulse transmissions to reduce night effects, 
direct-reading indication of bearings, and com- 
bination of distance measurement with bearing 
measurement to obtain a fix from only one beacon 
station. 


It seems important to compare the marine 
direction finder with the new radio aids to 
navigation that were developed during the war, 
as a means of determining the causes for what 
seems to be an over-stabilization of design; and, 
as indicated by the title of this paper, to survey 
possible new developments in the field that may 
make the marine direction finder a still more 
useful instrument of navigation. 

The technique of the simple loop direction 
finder operating on medium frequencies is now 
too well known to justify repetition in this paper. 
Also well known are propagation effects,! devia- 
tions caused by the ship's structure, and devia- 
tions due to other causes. 


* Presented before the International Merchant Marine 
Radio Aids to Navigation Conference, New London, 
Connecticut; April 30, 1947. 

1H. Busignies, “Evaluation of Night Errors in Aircraft 
Direction Finding, 150-1500 Kilocycles,” Electrical Com- 
munication, v. 23, pp. 42-62; March, 1946. 


1. Evolution and Present State of the Art 


The direction finder is the oldest radio aid 
to navigation. In the form of either the small 
rotatable loop or, before that, the large, fixed, 
crossed loops, the direction finder was the first 
instrument making use of the directive proper- 
ties of electromagnetic waves to determine the 
direction of arrival or origin of a radio trans- 
mission. Early disclosures before World War I 
give the names of Stone, Bellini-Tosi, and Blondel 
as among the first to invent, propose, and try 
radio direction-finding systems. Later, Watson- 
Watt, Mesny, Adcock, Smith-Rose, and many 
others continued to establish the foundations of 
the new science by studying propagation and 
polarization effects, deviations, reflections, and 
other transmission vagaries. 

Both fixed and mobile direction finders have 
been or can be designed to cover all of the 
frequency spectrum in which radio transmissions 
are made. Indications are very often obtained in 
a direct-reading manner, as through a mechanical 
pointer on a fixed scale (aircraft radio compass),? 
or in an instantaneous manner on the screen of a 
cathode-ray tube (fixed high-frequency direction 
finder).*4 

The marine direction finder for shipboard in- 
stallation became practical with the availability 
of radio amplifiers after World War I. In the 
United States, the early work of F. A. Kolster, 
who in 1913 was already advocating the installa- 
tion of shore radio beacons, resulted in a demon- 
stration of the radio compass and position finder 
on board the U. S. Lighthouse Tender Tulip in 


2 H. Busignies, “The Automatic Radio Compass and Its 
Applications to Aerial Navigation," Electrical. Communi- 
cation, v. 15, pp. 157-172; October, 1936. 

3 “Electrical Communication: 1940-1945," 
Communication, v. 23, pp. 214-216; June, 1946. 
* 4H. Busignies, "Applications of High-Frequency Solid- 
Dielectric Flexible Lines to Radio Equipment,” Electrical 
Communication, v. 22, n. 4, pp. 295-301; 1945. 
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June, 1921.5 In 1923, marine direction finders ` 
were placed on the market by the Federal Tele- 
graph Company of Palo Alto, California.’ They 
consisted, basically, of a rotatable shaft that 
carried a loop and a pointer moving in front of 
a magnetic-compass dial. Remarkably enough, 
despite all progress made in radio since that time, 
all marine direction finders now on the market 
in the United States consist basically of hand- 
operated rotatable loops; the pointer actuated by 
the loop shaft moves in front of a fixed scale or 
a scale controlled by a-repeater from the gyro 


* F. A, Kolster and Е. W., Dunmore, “The Radio Direc- 
tion Finder and Its Application to Navigation," Scientific 
Papers of ihe Bureau of Standards, No. 428; January 16, 
1922. 

eF. T. Mann, "Federal Telephone and Radio Corpora- 
tion,” Electrical Communication, v. 24, pp. 396-397; 


December, 1946. 


in. June, 1921, on board the U. S. Lighthouse Tender Tulip. 


First marine direction finder placed on the market by Federal Telegraph Company 
for commercial use in 1923. A similar instrument was demonstrated by F. A. Kolster | 


compass." These direction finders cover the fre- 
quency range of 285-315 kilocycles per second 
assigned to this service. The frequency range is 
often extended to 500 kilocycles to permit taking 
bearings on ships and fixed stations transmitting 
within this extra band. The bearing of the radio 
beacon is determined from the signal nulls corre- 
sponding to the well-known figure-of-8 directiv- 
ity pattern of the loop collector. Proper design, 
including balance of the loop and sensitivity of 
the receiver, determine the sharpness of the nulls 
and the quality оЁ the direction finder. Devia- 
tions caused by the ship’s structures, which may 
run as high as +15 degrees, are compensated by 
a mechanical corrector in the form of a cam 
adjusted during calibration. The elimination of 
sense ambiguity is obtained through the trans- 
formation of the figure-of-8 diagram into an 
| approximate cardioid 
diagram by combining 
the loop signal with 
that from а small 
vertical antenna. 

The modern marine 
direction finder of the 
rotatable-loop type, 
using either a tuned- 
radio-frequency or a 
superheterodyne re- 
ceiver, is a reliable in- 
strument which, when 
properly calibrated and 
maintained, will pro- 
vide readings with an 
accuracy of +1 degree 
over 70 or 80 percent 
of the bearings, and 2 
or 3 degrees for the 
rest of the bearings. 
Ranges up to 100 or 
150 miles on medium- 
power beacons are cur- 
rently obtained. Recali- 
bration after months of 
use will not show more 
than 0.5- to 1-degree 


1E. H. Price and W. J. 
Gillule, "Marine Naviga- 
tion Aids,” Electrical Com- 
munication, v. 22, n. 1, pp. 
56-69; 1944. 
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difference from previous calibrations, if the 
superstructure of the ship near the loop is not 
modified. : 

Abroad, the principle of fixed loops and ro 
tatable goniometers of the Bellini-Tosi type has 
often been used, as well as the rotatable-loop 
principle. 

Efforts were made as early as 1926 to produce 
automatic direction finders requiring only tuning 
of the receiver to the desired radio beacon for 
the position of a needle on a scale to indicate 
the bearing directly. In 1929, a direction finder 
of the automatic type, developed by the labora- 
tories of the International Telephone and Tele- 
graph System in Paris, was demonstrated on a 
small private ship in Mediterranean waters. It 
furnished a direct 360-degree indication without 
sense ambiguity. A few years later, about 25 such 
automatic direction finders were installed for nor- 
mal service on ships of the Portuguese navy. 
While considerable maintenance was required, 
the principle of automatic operation without 
sense ambiguity was completely achieved. De- 
spite these early efforts, no marine direction 
finder of the automatic type is presently in prac- 
tical use, so far as current information indicates. 
This is undoubtedly due to two causes: 


A. The apparatus built by the first experimenters was 
costly and probably too complicated for normal main- 
tenance. 


B. The simplicity of operation and reliability of the 
rotatable-loop direction finder was such that there was 
very little incentive to change to the automatic type. 


Simplicity is probably also the factor that 
limited the application of more complex radio 
beacons, such as those using pulse transmissions, 
to provide discrimination between direct and 
ground waves, thus eliminating part or all of the 
night error that limits the direction-finding range. 
Considerable research and design work in high- 
and ultra-high-frequency direction finding was 
done prior to and during World War II. This 
resulted in a considerable improvement in the 
operation of fixed high-frequency direction find- 
ers. During the war, the United States Navy 
installed an important net of such stations, which 
are now operated by the U. S. Coast Guard. 

The Army Air Forces and the Air Transport 
Command also installed hundreds of instantane- 
ous cathode-ray-indicator direction finders, pri- 


marily for guiding and rescuing aircraft, before 
any other long-range navigational system was 
available. On the eastern seaboard of the United 
States, a net of SCR-291 direction finders can 


Present type direction finder for merchant marine use. 


be alerted in case of need. Medium-frequency 
Adock, fixed, direction finders capable of high 
accuracy at night are also available. 

The night effect is the main limitation on 
medium-frequency direction finders of the loop 
type. Direction finders, of course, are not the 
only radio aids to navigatiori that suffer from the 
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effects of sky waves re- 
flected by the E and 
F layers of the iono- 
sphere. Solutions to the 
problem of night effect: 
that have been applied 
to shore direction-find- 
ing stations have not, 
so far, been applicable 
to shipboard installa- 
tions, because of the 
size and disposition of 
the antenna system. 
Night range is, there- 
fore, limited to some- 
thing of the order of 
50 miles. In the last 
part of this paper we. 
will return to this prob- 
lem and discuss pos- 
sible improvements. 

In summary, the first 
radio aid to naviga- 
tion, the marine direc- 
tion finder, is a reliable 
and simple instrument, still making use of the 
rotating loop and a means of indication of the 
same type as was used 20 years ago. 


2. Comparison of Merit and Field of Appli- 
cation with Radar and Loran 


As a result of the inventions and progress 
made in such pulse-timing systems as radar and 
loran during World War II, the marine direc- 
tion finder seems to be subjected to considerable 
competition. The opinion that the direction 
finder might become unimportant gained some 
momentum at the end of 1945 and during 1946, 
when the first information on the new radio aids 
was released. At the present time, the situation 
is much clarified; the performances of radar and 
loran are well understood. A detailed examina- 
tion of fields of application shows that marine 
direction finders, marine radar, and loran are 
complementary systems, solving different prob- 
lems of navigation with advantageous overlap- 
ping in some cases. 

Marine radar is a short-range radio aid to 
navigation, primarily useful for anticollision 
service, and for pilotage near the shore or at the 


First automatic direction finder developed for experimental work in 1928 by the 
Paris laboratories of the International Telephone and Telegraph System, and tried out 
on a ship the same year. This direction finder indicated spontaneously on a moving 
scale the direction of a radio transmission without any ambiguity and throughout 360 
degrees. It was the first automatic direction finder developed. 


entrance to and inside of harbors. A range of 10 
to 20 miles (16 to 32 kilometers) is a reasonable 
figure for its use in these applications. 

Loran, on the other hand, is a medium-range 
(400-mile or 645-kilometer) accurate navigational 
system, the shipboard operation of which requires 
somewhat more time and more training than the 
direction finder. The main question is one of 
world availability and standardization of loran 
signals, as operators will have to contend with 
stations installed in foreign territories in many 
instances. 

Therefore, the marine direction finder, with a 
day range of the order of 150 miles, is a very 
excellent intermediate-distance aid to naviga- 
tion that can bring a ship, with desired accu- 
racy, within the range of operation of marine 
radar. The advantage of the direction finder for 
intermediate-distance navigation is simplicity, 
ease of maintenance, availability, and the rela- 
tively small cost of the radio-beacon ground 
stations. About 190 radio beacons are installed 
on the shores of the United States and around 
the Great Lakes. Another 150 are operating 
throughout the rest of the world. Many countries 
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can increase the services made available at their 
shorelines at moderate expense. 

We shall conclude this section by repeating 
the more or less accepted opinion that marine 
direction finders, radar, and loran are comple- 
mentary systems; that availability of loran 
transmissions will certainly be the largest factor 
in determining its generalized use; and that the 
operation of radar in collecting its information 
independently of ground or other ship coopera- 
tion is the essence of its assured success. 


3. Present Crystallization of Design 


In the first section, showing briefly the evolu- 
tion and the present state of the art, it was 
stated that the present marine- 
direction-finder designs are more or 
less crystallized around the prin- 
ciple of the hand-controlled rota- 
table loop, and that the means of 
measurement by observation of the 
nulls of the figure-of-8 directive 
pattern is the same as was used 20 
years ago, despite the extraordinary 
development of radio communica- 
tion and radio navigation during 
the same period. The art of direc- 
tion finding as a whole has pro- 
gressed during the war to the point 
where techniques and instruments 
are available or could be made 
available in the entire frequency 
spectrum of radio waves; studies 
have also been made that greatly 
improved our knowledge of propa- 
gation. Indicating means have been 
considerably improved; the auto- 
matic aircraft compass  equips 
almost every aircraft, the large air- 
planes even carrying two or three 
such instruments. Shore direction 
finders employ cathode-ray tubes 
for instantaneous presentation of 
bearings. Ultra-high-frequency di- 
rection finders are used in connec- 
tion with airport traffic control. 
Moreover, investigation of the ap- 
plicable patent literature is most 
revealing; .the field of direction 
finders has not.been neglected by 


A commercial version of 
the completely automatic ma- 
rine direction finder installed 
on a number of ships between 
1931 and 1934, developed and 
built by the Paris laboratories 
of the International Tele- 
phone and Telegraph System. 


inventors. There seems to be no relation between 
the crystallization of design and the very large 
number of systems that have been invented. We 
shall list below the factors that seem to limit 
introduction of new designs and ideas in marine 
direction finding: 


A. Reliability and simplicity of the present design. 

B. Availability of a world-wide system of marine radio 
beacons. 

C. Simplicity of the ground beacons and their conse- 
quent inexpensiveness. 

D. Reluctance and difficulty of introducing changes in 
the existing world-wide radio-beacon setup. 

F. Also, perhaps, the concentration of the attention of 
laboratories and manufacturers on the problems of radio 
aids to air navigation. 


4. New Approaches by a Defi- 
nite Departure from Existing 
Solutions 


Let us next consider whether we 
have reached a situation where 
further progress can be obtained 
at reasonable cost, or whether some 
new approaches can make the direc- 
tion finder a still more useful and 
attractive instrument for naviga- 
tion. 


4.1 FREQUENCY 


It might be questioned whether the 
present frequency range of 290-310 kilo- 
cycles is the most advantageous for this 
service, or could the use of another part 
of the frequency spectrum result in im- 
proved performance with respect to ac- 
curacy, range, or reduction of the night 
effect? 


Lower frequencies are eliminated 
because their inherent character- 
istics increase the cost of ground sta- 
tions and the pressing demand for 
such frequencies by other services; 
therefore, higher frequencies are 
suggested. Experience in the field 
of shipboard high-frequency direc- 
tion finders leads us to reject that 
portion of the spectrum for this 
application. Ultra-high frequencies 
would definitely be free from night 
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effect, but the range would be limited to line-of- 
sight conditions; the ultra-high-frequency wave 
collector would have to be installed on the top of 
the ship's mast to obtain a 20-mile (32-kilometer) 
range from a transmitter a little higher than sea 
level. Despite the increase in accuracy and the 
elimination of night effect, it seems quite im- 
probable that these would compensate for the 
increase. of cost and, more especially, for the 
shortening of the range. The incentive for any 
group to develop an ultra-high-frequency direc- 
tion-finding system on such a fragile foundation 
is certainly too weak for a manufacturer to ex- 
periment in that direction. 


4.2 INSTANTANEOUS DIRECT-READING INDICATOR 


Would an instantaneous direct-reading indicator of 
simple design sufficiently increase efficiency to make it 
attractive to ship operators and owners, and subsequently 
justify the effort necessary for its development and 
adoption? 


Navigation along the eastern coast of the 
United States, where beacons are arranged by 
groups of three on the same frequency and trans- 
mit sequentially by units of three minutes, tends 
to demonstrate that an instantaneous indicator, 
giving successively the bearings of the three 
stations, would be quite justifiable on the basis 


of simplification of procedure. A computer could 
be designed to facilitate either the recording 
or the plotting of the fix. The type of indica- 
tion should be such that a failure would be im- 
mediately detectable. It could be a mechanical 
pointer, a neon or other gas tube, or a cathode- 
ray tube; however, the simplest and most reliable 
instrument is to be preferred. In connection with 
such an indicating system, a null-seeking loop 
or goniometer, or a small continuously rotating 
loop or goniometer, is generally required. 

While a complete direction finder of such a 
type has not yet been installed for service tests 
on board a merchant ship, various components 
performing equivalent functions have been tested 
during other developments, and results proved 
their reliability. This will be an important factor 
in the choosing among the many possible solutions 
that offer themselves for direct-reading direction 
finding. The preferred solutions will be the use of 
instruments for which a good quantity of data 
on reliability is already available. Among such 
we find the null-seeking type of direction finder 
with mechanical pointer, the rotating loop or 
goniometer with cathode-ray-tube presentation, 
and the neon-tube or meter indicators. 

Other methods (those avoiding rotating 


parts) involve electronic goniometers or various 


Fixed shore station of high-frequency direction finders for aircraft operated by the U. S. Coast Guard. 
This direction finder makes use of instantaneous bearing indicators of the cathode-ray type. 
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Typical patterns of bearing indication shown under various conditions by the cathode-ray direction-finder indicator. 


4—Strong continuous-wave signal. B—Strong keyed continuous-wave signal. 


C—Weaker signal. D—Weak signal 


with noise. E—Modulated signal. F—Superimposed “direction” and “sense” patterns for weak signal with noise. 


G—Noise only. H—Two simultaneously keyed signals. 


modulation schemes that eliminate the need for 
three-channel receiving systems. 

Generally speaking, whatever the method used 
to obtain the directive information through one 
receiving system, the indicator can be of any of 
the three most important classes just mentioned. 

Thus, there is room for ingenuity in design to 
satisfy the requirement for simplification of 
procedure. 


4.3 FREQUENCY STABILITY AND BANDWIDTH 


Could more frequency stability in the transmitter and 
receiver permit utilizing channeling principles, as in 
communication systems, or as proposed for other naviga- 
tional systems? 

The resulting simplification of the tuning of 
the receiver to the radio beacon should rightly 
be an added feature of a direct-reading direction 
finder. Stability has already been achieved in 
many beacons, and the cost of stability in the 
receiver could be kept reasonably low. 

This has another aspect: The bandwidth 
generally agreed upon in direction-finder re- 
ceivers at present is many times larger than 
necessary, even for the purpose of identification 
of the radio beacon. The audio-frequency modu- 
lation of the beacon is not basically required for 


bearing indications. Provided sufficient stability 
is assured in the transmitter and in the direction- 
finder receiver, the present bandwidth of the 
receiver could be divided by 10; which is equiva- 
lent to an increase of 10 times the transmitter 
power. Much further improvement would still 
be possible, but might require costlier design. 
Further advantage can be derived from this 
increase of sensitivity by increasing the accuracy 
and stability of the direct-reading direction 
finder. 

Very small bandwidths, of the order of 20 
radio-frequency cycles, are being tried in con- 
nection with present developments of long- 
range navigational systems. 


4.4 PULSE TRANSMISSION 


Could night effect be reduced by the use of pulse trans- 
mission? 

Pulse transmission for the purpose of dis- 
criminating between the ground wave and the 
sky wave was proposed and tested in Germany 
prior to the war. Expected results were obtained; 
the disadvantage being in the bandwidth required 
for the transmission. The circuits for separating 
the ground waves from the sky waves in the 
receiver would definitely be more expensive and 
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difficult to maintain than the simple -circuits 
of the present receivers. Despite its promising 
aspects, this system would require a considerable 
amount of further development before a sound 
opinion could be formed concerning its practical 
value. It is still doubted that such an improve- 
ment, although resulting in increased range at 
night, would justify itself. However, the ques- 
tion would merit much more detailed considera- 
tion if advantage could be taken of the pulse 
transmission from the ground beacon for the 
purpose of distance measurement. 

Any such modification of the present radio- 
beacon system on a world-wide basis would meet 
with difficulties of application that can readily 
be imagined, and these would. contribute to 
discouraging the inventor or manufacturer. 


4.5 DISTANCE-MEASURING SYSTEM 


Is the combination of the marine direction finder with 
_ some distance-measuring system desirable and/or possible? 


In air navigation, the R-Theta system has 
reached justified success due to many advan- 
tages, two very important ones being: ` 


A. A complete fix can be obtained from one station and 
supposedly from one transmission. 

B. The accuracy of a fix is the same at all points in 
the 360-degree coverage of each station. 


Distance-measuring equipment making use of 
ultra-high frequencies would not be of much 
assistance to the marine direction finder because 
its range is limited to line-of-sight. However, 
one can imagine a medium-frequency distance- 
measuring system using phase measurement of 
an audio-frequency modulation for the deter- 
mination of time of travel, and, therefore, dis- 
tance. The ship could interrogate the radio 
beacon on a medium-frequency channel assigned 
for that purpose; the audio-frequency signal 
received at the ground beacon would be re- 
transmitted through the beacon to the ship, 
where the audio-frequency phase-displacement 
measurement, resulting in distance indication, 
would be effected at the output of the direction- 
finder receiver. The drawback to this system is 


A straight-line automatic bearing indicator applicable 
to most types of automatic direction finders. 


that only one ship at a time could interrogate the 
beacon; but this interrogation should not need to 
last more than a number of seconds for each call, 
and could be limited in time. An indication of the 
availability of the channel for such interrogation 
could be provided, with self-identification of trans- 
mission. This distance-indicating system could 
be introduced in the form of attachments that 
would not require world-wide acceptance before 
advantages are realized from the first installa- 
tions. Considerable developmental work would 
have to take place to solve such a problem prop- 
erly, and it is very doubtful that a private 
enterprise would decide to start such a project 
unassisted. : 


5. Conclusions 


Among the possible improvements to the 
marine direction finder that may be recognized 
in the not-too-distant future are automatic indi- 
cation of bearing and a reconsideration of the 
stability and channeling of radio beacons. More- 
over, it seems that the combination of the 
shipboard direction finder with some form of a 
distance-measuring system would result in an 
attractive navigational scheme, upon the devel- 
opment of which some imaginative effort could 
be applied in the next few years. 
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Modern Research Facilities of Federal Telecommunication 
Laboratories 


By H. H. BUTTNER 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


ITH the opening of the 300-foot alu- 

\ \ | minum-sheathed microwave research 

tower on May 19, 1948, at the new 
Federal Telecommunication Laboratories in Nut- 
ley, New Jersey, a unique approach to high- 
frequency radio propagation experimentation 
was inaugurated. The new tower constitutes a 
research laboratory in the sky; its 5 upper levels 
and roof extend between 200 and 300 feet above 
the surrounding terrain. It may, therefore, be 
described as a building on top of a tower, the 
top level at a height equivalent to that of a 
30-story building. 

Like light rays, ultra-high-frequency radio 
waves travel in substantially straight lines mak- 
ing their range virtually limited by the horizon 
and they are, therefore, most effectively propa- 
gated from and received at places located high 
in space, particularly for communication over 
any appreciable distance. Heretofore, sites atop 
mountains and tall buildings have been employed 
for microwave research, or the antennas have 
been placed on tall masts. But mountain tops 
are inconvenient for day-to-day experiments be- 
cause of their remoteness and inaccessibility as 
well as their susceptibility to the extremes of 
weather. Building tops also present many limita- 
tions, such as interference caused by the reflec- 
tion of waves off nearby structures, possible dis- 
turbance of existing radio services, and the diffi- 
culty of complying with local governmental regu- 
lations. Masts, because of their instability, in- 
accessibility of the structures mounted on top of 
them, need for supporting wires, and the neces- 
sity for long transmission lines between appara- 
tus and antennas, are poor devices for precise 
measurements. 


Tower in Original Plans 


When plans for the new laboratories were first 
drawn up in 1943, a rigid tower for microwave 


New buildings and tower of Federal Telecommunication 
Laboratories are shown on the opposite page. 


experiments was included. At that time, the lab- 
oratories were busily engaged on radar, high- 
frequency direction finding, and other similar 
wartime developments. Since then, interest in 
microwave techniques has increased rapidly, not 
only for radio navigation with such devices as 
distance-measuring equipment, assisted radar, 
and Navar, but also for television, especially 
ultra-high-frequency color television, frequency 
and pulse-type modulations, and facsimile sys- 
tems for broadcast, point-to-point, and relay 
operation. An extensive microwave program has 
been adopted by the armed forces of the U.S.A. 
and during the next decade will involve con- 
tracts with private industry of about a thousand 
million dollars for research and development. It 
is evident, therefore, that the concept of a tower 
as an essential unit of a complete electronics 
laboratory was both correct and foresighted. 

The laboratories as first conceived were to 
consist of two major divisions, a central part 
supplying a number of common services and a 
group of research units. In the common section 
were to be included technical and administration, 
maintenance, security and personnel, main in- 
coming power, heating, fire detection and pro- 
tection, compressed air and gas, and similar 
services. The first idea was to house these com- 
mon services in a single building as a center 
surrounded by the laboratory and research build- 
ings. The tower was to be located on top of the 
central building. 

At this point, architects were consulted and 
the problem was presented as one of engineering 
a highly functional group of structures combining 
extreme flexibility and low maintenance. The 
first design drawn up by the architect provided 
for a circular central building three stories high 
with laboratory wings on either side. The tower 
was to be an open steel structure with two glass- 
enclosed floors at the top. This first plan would 
have permitted a total of seven laboratory wings 
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to be built radially at 45-degree angles to each 
other; the eighth radial would have been omitted 
to provide for the main entrance. 

When this initial plan was presented, it became 
apparent that it had a number of disadvantages. 


VACUUM 
TUBE TEST 


ENG. OFFICES 


GLASS TURNING 
& BLOWING 


Typical laboratory floor plan. Rearrangement is 
facilitated by movable partitions. 


First, as wings were added, the windows on the 
first floor of the central structure would have 
been blocked out so that ultimately the whole 
floor would have been without outside lighting. 
Secondly, construction of the steel tower on top 
of the main building would have had to proceed 
at the time of the erection of the main building. 
The tower could not have been built afterwards 
because of the danger and difficulty involved in 
carrying on construction while the building be- 
low was occupied. Thirdly, the appearance of the 
open structure on top of the building was con- 
sidered unsatisfactory. Fourthly, the architect 
recommended against wings at 45-degrees from 
each other because such construction introduced 
complications in the steel framework. 


Functional Design 


.. In considering the original design further, it 
was felt also that the general architectural con- 
ception was not modern enough and that, as 
long as new laboratories were being constructed, 
they should be as functional as possible and 
should indicate some degree of independence 
from the classical method, provided there was 
justification for such a departure. 

After several modifications and revisions were 
considered, a plan for the buildings was approved. 
The plan provided for an oblong central building 
with a group of laboratory wings at either end. In 
these later plans, provision was made for an 


independent tower to be erected close enough 
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to the central building for easy access, but far 
enough away to be constructed independently. 
However, since the permanent tower could not 
be built immediately owing to governmental 
wartime building restrictions, no further de- 
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signs were considered at the time. Work on the 
first two buildings was started in November, 


1944, following the approved plan. These build- 


ings were occupied the following spring. To pro- 
vide immediate facilities for microwave research, 
a 200-foot temporary wooden tower was built 
nearby. 

When the first two buildings neared comple- 
tion, it was decided to plan for two additional 
wings. As this construction was to proceed after 
V-J day, it was possible to include a number of 
items that could not be considered during the 
war, that is, an appropriate entrance lobby, ап 
auditorium, and the permanent tower. The four 
buildings now completed provide 130,000 square 
feet of gross floor space.and comprise the largest 
group of metal-sheathed buildings in the world. 
Flexibility has been provided in the building 
site plan so that additional buildings may be 
added without impairing the symmetry of the 


group. 


Aluminum for Outer Walls 


Although utilizing conventional steel frame- 
work, the buildings depart in other ways from 
normal constructional design. The final plans 
specified a large amount of glass for the labora- 
tory exterior plus a suitable material in the form 
of plates for the outside walls: Among the mate- 
rials considered were an asbestos-cement com- 
pound and enamelled steel, 
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It was found however that at the particular 
period of the war when the buildings were to be 
started, an excess of aluminum plates was avail- 
able. Investigation of aluminum for the outside 
wall covering revealed that samples of this mate- 
rial submitted to exposure in an industrial area 
from 10 to 15 years tarnished progressively, 
but not to objectionable proportions. After this 
period of time, it is possible to restore the 
original appearance by application of a suitable 
finish. Actually, such refinishing may not be 
necessary since the action of wind and dust on 
the buildings seems to constitute a continuous 
polishing agent. Also, it was realized that the 
aluminum surface would give a fair degree of 
shielding to the inside rooms against external 
radio fields produced by nearby radio stations, 
which measurements showed to be of the order 
of one-tenth volt per meter. Shielding between 
laboratories was also effected through the use of 
metallic partitions. With the use of all-steel 
flooring of the Robertson type, shielding between 
floors would also be effected. 


Front view of main building showing the glass-enclosed 
entrance lobby. 


The exterior walls, therefore, consist of panels 
made up of an outer covering or skin of alumi- 
num, an insulation space filled with Fiberglass, 
and a backing of steel. These panels are two feet 
wide and are erected vertically, usually as span- 
drel sections. І 

The ceilings of the buildings are of the sus- 
pended type, utilizing metallic acoustic panels, 
which may be removed whenever access is de- 
sired to the ceiling space. The space between the 
suspended ceiling and the underside of the floor 
immediately above is utilized for air ducts, 
special ventilating equipment, sprinkler pipes, 
and other service and heating pipes. 

Provision is made for distribution of hot and 
cold water, compressed air, illuminating gas, ni- 
trogen, hydrogen, and oxygen. There are facilities 
for the detection of the presence of inflammable 
gases through the use of a detector that samples . 
the air in each area where gasses are used and 
analyzes the samples several times each minute. 
In the event of inflammable gases escaping in 
dangerous proportions, an alarm automatically 
sounds and a light on the main gas-detector 
panel indicates the space in which the leak is 
occurring. So 


The auditorium may 
be used for lec- 
tures and demonstra- 
tions or as a studio 
for sound and tele- 
vision broadcasting. 


Typical laboratory 
showing the large 
amount of natural 
illumination pro- 
vided. 


Typical office area. 
The wall panels in 
the rear can be 
moved to expand or 
contract the space as 
may be required. 
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Flexibility with Six-Foot Module 


To obtain maximum flexibility, a system of re- 
movable dividing partitions is used. These allow 
the size of rooms to be changed with relatively 
little effort and without destroying the wall 
material. A six-foot space module was established. 
The first building, constructed during the war, 
employed Transite wall paneling for interior wall 
liners, while the later buildings have steel wall 
liners. The module was respected in designing 
heating, lighting, and sprinkler systems so that 
each module is self-sufficient in these respects. In 
_ other words, modules can be combined in any 

desired arrangement without the need of changes 
in these three basic services. 

A maximum of natural lighting is provided 
through use of large window areas. Artificial 
lighting, in addition to conforming to the six- 
foot module, provides complete flexibility within 
a unit. The basic lighting unit is a fluorescent 
fixture with two four-foot tubes set flush with the 
metal-pan acoustic ceiling. The fixtures are of 
the snap-in type and utilize the same supports 
that carry the hung ceiling. It is a simple matter 
to replace two ceiling pan units with a lighting 
fixture at any location. 

Varying from usual practice, the light switches 
are located in the corridor. At each column, 
there is a two-foot wall section that is not mova- 
ble and provides a fixed position for these 
switches. Thus, partitions may be moved with- 
out involving electrical changes. The switches 
are, however, coordinated with the six-foot mod- 
ule system. 

Electrical distribution throughout the labora- 
tories is by means of a four-wire grounded- 
neutral system supplying 208-volt, three-phase 
60-cycle alternating current. Thus, 120-volt, 
single-phase alternating current may be obtained 
between any phase wire and neutral. A substa- 
tion is provided for each of the buildings and for 
the tower. The primary voltage of each substa- 
tion is 4150 volts. Facilities are available for sup- 
plementary substations should the load require 
additional power capacity. 


Fire Prevention System 


The sprinkler system was the subject of special 
attention, since there are few places where water 
would cause more loss in both time and money 


than in an electrical laboratory. The rate-of-rise 


maximum-temperature system was, therefore,- 


installed to prevent unnecessary water damage. 
In this system, the rate of temperature rise actu- 
ates the controls rather than some predetermined 
fixed temperature. Any abnormal temperature 
rise would start the following chain of protective 
measures. 


A. Fire is detected by rate-of-rise heat detectors. 


B. An alarm is sounded, indicating the fire zone in which 
the trouble is located. 


С. Water is allowed to enter the sprinkler lines. 


D. The water is held back until either 
a. manual extinguishing efforts succeed, in which 
case the sprinkler heads do not open and water 
damage is prevented, or 
b. the sprinkler links fuse and water under high 
pressure is sprayed in the affected area. 


The heating plant is a steam and high-vacuum 
system using fuel oil. Controls permit the adjust- 
ment of the temperature in each room. 


Corridor of one of the laboratory buildings. 
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At the time the lobby and auditorium were 
being planned, two new basic designs for the 
tower were also drawn up. One was for a square 
main shaft with square buttresses and the other 
was for an oval structure. The towers in both 
cases were to be totally enclosed providing ample 
working space in a series of levels. Both designs 
appeared to have merits, but the oval shape was 
chosen because it lent itself more readily to 
experiments in all directions while the square 
shape might have made it difficult or impossible 
to operate in certain directions. 

Optimum height of the tower for the location 
was determined through experimentation on the 
200-foot structure. These experiments showed 
that heights between 200 and 300 feet would 
yield satisfactory results for research in all but 
one direction. This height would not be great 
enough for signals to scale the Watchung Moun- 
tains to the west. A tower tall enough to do this 
was considered economically and structurally 
impractical. Since research was to be carried 
on chiefly in the southeasterly direction toward 
the International Telephone and Telegraph 
Building in lower Manhattan (New York City) 
and the field station at Telegraph Hill (Hazlett), 
New Jersey, the 300-foot height was chosen. 


Tower Design Unique 


'The task of designing a high steel tower with 
a comparatively narrow base presented a number 
of interesting problems. Foremost among these 
was that of weight distribution. With 75 percent 
of the weight concentrated between the 200- and 
300-foot levels, the necessity to provide adequate 
support was a major consideration. For example, 
architectural engineers estimated that during 
high winds the uplift stress on the foundation 
might well run into several hundred tons. As a 
result of these calculations, a tension anchorage 
was developed that is probably the most unusual 
feature of the entire construction. 

'The main columns of the tower are anchored 
in a reinforced concrete mat 10 feet thick. Uplift 
loads are carried by reinforced tension cylinders 
extending approximately 30 feet below the foun- 
dation mat into bedrock. The rock layer in this 
area is said by geologists to be thousands of 
feet thick. 


To construct the anchorage for the tower, a 
well driller drove 24 holes each 14 inches in di- 
ameter into the ground. Twelve large steel rods 
were lowered into each hole and a special type of 
concrete, which expands on hardening, was used 
to anchor the cylinders in the surrounding rock. 

The frame of the tower, including columns 
and bracing, is made of structural steel of stand- 
ard rolled shapes. Roof and floor slabs are rein- 
forced concrete on steel beams; the upper levels 
employ slightly different framing because of de- 
pressed floors and overhanging balconies. 

The south balcony at the lower landing is 
supported on a cantilever extending 12 feet be- 
yond the column supports and the resulting 
uplift on the main floor girder is reacted by an 
inverted K-frame to the floor above. The south 
columns above the main landing, having a design 
loading of over 200 tons, are carried back to the 
main columns by cantilever girders. Resulting 
uplift on the main floor girder is counteracted by 
a tension tie to a K-frame two stories below. 


Rigidity of Tower Essential 


Because of the exacting nature of the work to 
be conducted in the elevated laboratory—nota- 
bly the use of sharply focused beams—rigidity of 
the supporting structure was of paramount con- 
sideration. A primary design requirement, there- 
fore, was limitation of both static deflection and 
amplitude vibration under a wind velocity of 80 
miles per hour. This was dictated primarily to 
avoid any major interference with focussing - 
operations during stormy periods. 

Accordingly, the allowable wind stress in the 
columns and bracing was so calculated that, 
with the maximum wind load from any direc- 
tion, total deflection at the top of the tower would 
not exceed 10 inches. These calculations, taking 
into account the unusual weight distribution at 
the top of the tower and the eccentric loaded pro- 
jection on the north-south axis, involve both 
normal and torsional inertia loads as well as 
actual wind load. 

In considering these special conditions, origi- 
nal formulas had to be developed to approximate 
the amplitude of vibration that would result from 
periodic and unbalanced wind pressures that 
would add to the static deflection of the tower un- 
der a steady wind load. The period of oscillation 
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of the tower involved calculations based on 
inertia forces of the elastic center of gravity 
and the elastic center of oscillation. This was 
computed to be about 3 seconds, exclusive of 
the damping effect of the bracing system and the 
applied wind load. On the basis of these assump- 
tions, it was determined that the maximum 
static deflection would be about seven inches in 
addition to an amplitude of vibration of about 
three inches. 

For beam antennas, vertical supports are pro- 
vided between the lower landing and the main 
landing, standardized as to spacing and serviced 
by steel walkways. The pipe supports are at- 
tached to the cantilever balcony curb. At present, 
they are installed only in the southeast quadrant, 
but provisions have been made for setting them 
up all around the tower. A cargo boom located 
on the roof permits a parabola or other type of 
antenna structure to be hoisted to the point of 
location. The accessible walkways then permit 
easy location of the antenna in any chosen posi- 
tion. The boom is also used to haul materials to 
the roof. 


An automatic electric elevator with a speed of 
500 feet per minute provides rapid access to the 
upper levels. The car has a capacity of nine per- 
sons or 2500 pounds and will accommodate stand- 
ard 29-inch bays for transportation to the re- 
search levels. Each research floor provides 1000 
square feet of laboratory space. 

Practical as well as aesthetic considerations 
dictated the choice of aluminum as the outside 
covering for the tower. Rolled sheet aluminum 
sections not only provide the required enclosure 
for elevator and stairwell, but afford weather 
protection to the steel frame, thus reducing 
maintenance to a minimum. 

The laboratory space is steam heated on the 
two upper landings, while the roof has been pro- 
vided with snow-melting pipes in the concrete. 
Both electricity and hot and cold water are 
supplied to these areas. Extensive fire-protection 
equipment has been provided throughout the 
tower. The water pump, elevator relay controls 
and motor generator, flood-light controls, sub- 
station, and other service equipment are located 
in a lower part of the tower. Water is pumped to 


Former club house of the Yountakah Country Club now used as a restaurant and recreational 
center by laboratory personnel. 
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a pressure distribution tank located at the;230- 
foot level and distributed from there. 


Glass-Enclosed Landing 


The main landing is entirely glass enclosed and 
air conditioned. This area forms an observation 
room providing a wide view of New Jersey, New 
York harbor, and the New York City sky- 
scrapers. Decorated in a modern style, in keeping 
with the impressive functional design of the 
tower and buildings, this level may be used to 
demonstrate equipment as well as for research. 
Included in the decorative scheme is a large 
mural, symbolizing the progress of electronic 
science through the centuries, painted on stain- 
less steel by Mrs. Buell Mullen, well-known de- 
signer and artist who introduced the technique 
of painting on stainless steel. A number of her 
murals are on exhibition in the Library of Con- 
gress and in other governmental buildings in 
the U.S.A. and also Latin America. 

A floodlight trench circles the tower at its 
base to provide projected incandescent illumi- 
nation, while a blue cold-cathode light strip ex- 
tends vertically to the top. The tower, then, 
becomes an impressive beacon at night, its spec- 
tacular beauty dramatically mirrored in a large, 
gracefully curved reflecting pool at its northern 
edge. 

The laboratory buildings and tower are located 
on the site of the former Yountakah Country 
Club, whose rolling lawn and tall, stately shade 
trees have been preserved. The lawn provides 
auxiliary outdoor areas for field tests and ex- 
periments with mobile and portable equipment. 

Located several hundred feet to the southeast 
of the laboratories is the club house of the former 
country club. A large rambling colonial-style 
building, it now houses the restaurant and cafe- 
teria for the laboratory employees. Also, there 


are spacious rooms, which are used for employee 
recreation. Directly adjoining the club house is 
an outdoor swimming pool available to labora- 
tory personnel for evening swims during the sum- 
mer months. An outdoor dance pavilion may be 
used when picnics are held in the grove. Behind 
the club house are areas for softball and other 
games. 


Electronic Carillon 


A 25-note electronic carillon has its loud- 
speakers attached to the topmost railing of the 
tower. With an audible range of approximately 
12 miles, its musical tones may be heard in the 
surrounding community as well as on the labora- 
tory grounds. At hourly intervals the carillon 
tolls Westminster chimes and musical selections 
are played on it each noon and evening. So, 
besides being an efficient facility for research, 
the tower fulfills the function of the campanile, 
familiar to old-world communities and now pres- 
ent in some form on almost every college and 
university campus in the U.S.A. 

Less than 20 miles from New York City, 
surrounded by pleasant and healthful country- 
side, and in the midst of desirable home com- 
munities, the new Federal Telecommunication 
Laboratories are located in an atmosphere stimu- 
lating to scientific development. Since the prod- 
ucts of a laboratory are discovery , invention, and 
design—creations of the intellect—the environ- 
ment for its scientists and engineers is as im- 
portant as the tools with which they work. In the 
new laboratories, the two needs may be said to 
have been ideally fulfilled, for not only has an 
advanced, functional, and well-equipped group 
of buildings been provided, but they have been 
placed in a setting that makes for a pleasant 
place to work and live. 


Intelex — Automatic Reservations 


By J. D. MOUNTAIN 
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OMPARISON of Intelex with existing 
manual methods of reserving passenger 
space shows outstanding improvements. 

While the manual systems may require even 
hours to confirm a reservation, Intelex will make 
and confirm a reservation within 10 seconds, and 
since substantially all operations are performed 
by circuits using well-tried relays, switches, and 
tubes, the probability of error is greatly reduced. 
A brief coded message of reservation, cancella- 
tion, or inquiry may be transmitted by tele- 
printer from any local office. No further manual 
operations are required and the Intelex machine 
will reply automatically to the teleprinter in the 
office originating the order. Information can be 
obtained at any time on the status of all reser- 
vations on any specific journey. 


The growth of transportation in recent years 
has been accompanied by such a vast multipli- 
cation of the complexities of the services, that 
manual methods of handling many of these are 
becoming inadequate. A service seriously affected 
by this phenomenon is the reservation of seats 
for passengers on airlines and railroads. Diligent 
efforts by the managements, as well as expendi- 
ture of ever-increasing amounts of money, have 
not enabled the carriers to keep pace with the 
mushrooming permutations and combinations of 
space demands brought about by the increasing 
needs of the traveling public. 

Although all forms of transport, including rail- 
roads, airlines, busses, and steamships are feeling 
the pinch of this problem, it is, perhaps, most 
critical in the airlines. Cost of operation of air- 
craft is so great that filling of every possible seat 
on every flight is imperative. At the same time, to 
sell more seats than are available is disastrous to 
public relations. The handling of 15,000,000 pas- 
sengers per year, filling every possible seat but 


not overselling, is therefore a difficult manual 
operation. 

To accomplish this task, one major airline em- 
ploys about 700 persons in its reservation service 
at a cost of about a million and a half dollars per 
year—nearly 3 percent of the total cost of that 
airline's operation. Nearly half a million more is 
spent by this airline for the communications 
facilities needed to handle these reservations. 

To help reduce this huge cost and at the same 
time improve the reservation service to the pas- 
senger, a new system of handling reservations, 
called Intelex, has been developed. By replacing 
much of the personnel by electronic and electro- 
mechanical devices, it provides great advantages 
in speed and accuracy, reduces costs, and im- 
proves customer relations. 

Intelex is essentially an electromechanical 
"brain" arranged to provide a bookkeeping serv- 
ice, the basic requirement of a reservation sys- 
tem. In its “books,” or “ledgers,” reservations 
and cancellations are recorded from many remote 
points. Information is also provided regarding 
various totals of the entries. Intelex will record 
and confirm any reservation or cancellation 
within 10 seconds. Through the ‘“‘Have-a-Look”’ 
feature, the status of seats on any trip may be de- 
termined also within 10 seconds. 

In the following paragraphs, a comparison is 
made of the facilities available in reservation 
systems as used commonly today, with the fea- 
tures of Intelex. Special attention is given to air- 
lines, which must meet particularly difficult re- 
quirements. 


1. Reservation Systems in Common Use 


1.1 GENERAL 


An airline system carrying passengers in either 
direction between two stops once a day (Fig. 1) 
has a relatively simple job when organizing a 
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reservation. system. There are then only two 
journeys a day, one each way. Space must be 
provided in the reservation record, or ledger, to 
enter the sale of, say, 30 seats per day on each 


2 JOURNEYS 


6 JOURNEYS 30 JOURNEYS 


Fig. 1—Number of journeys possible in transportation 
systems having 2, 3, and 6 stops. Each line joining two 
Stops indicates two journeys, one in each direction. 


of two journeys, and up to perhaps 8 days in 
advance. The number of seats in the ledger is 
then 2 X 8 X 30, or 480. 

If a third stop is added to the route (Fig. 1), 
the number of possible journeys (between any 
two stops) per day advances from 2 to 6, and the 
ledger entries for the 8-day advance booking be- 
come 6 X 8 X 30, or 1440 seats. 
Similarly, if the number of stops 
is doubled from 3 to 6, 7200 
seats are listed for 8 days. It is, 
therefore, apparent that the 
complexity of the ledger entries 
increases tremendously with the 
number of stops on a particular 
route; the number of journeys 
possible in both directions on a 
route having n stops is n(n — 1), 
indicating that the journeys in- 
crease almost as the square of 
the number of stops. 

It will also be apparent that 
the entries increase directly with 
the number of flights made each 
day over the same route, with 
the number of different routes, 
with the number of seats on each 
airplane, and with the number 
of days of advance booking al- 
lowed. | 
[к Several domestic airlines of 
the U.S.A. are each carrying 
over 1,000,000 passengers a 
year, and some considerably 
more. À total of 15,000,000 pas- 
sengers are carried yearly. 


Intelex equipment racks in typical 
arrangement for a small airline. 


Each of these sales must be recorded, and the 
number of such entries is complicated by the 
fact that many reservations are cancelled and the 
space resold before flight time. Rough estimates, 
allowing for the fact that during certain days 
and certain hours the number of transactions 
are at a peak, show that the average for each 
100 scheduled flights with approximately 100,000 
passengers per month, involve 1000 messages in 
the busiest hour. This means that receiving and 
distributing the messages in a manual centralized 
office, finding the correct ledgers, and making 
the notations must be carried out at a speed of 
one message in every 4 seconds. 

Furthermore, the many transactions described 
must be made from a large number of places. A 
typical large airline may have a hundred or more 
district or local reservation bureaus, airport 
offices, and ticket offices from which reservations 
are made. 
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O LOCAL OFFICES 


О TICKET OFFICES AND OTHER SALES OUTLETS 


Fig. 2—Typical centralized reservation system. Each local office requests seats from 
the central office, where the records are kept. 


Even with 700 persons handling reservations, 
it has been found that as long as two hours are 
often required between the request for a reserva- 
tion and the confirmation that space is available. 


1.2 REQUEST-AND-CONFIRM SYSTEM 


Reservation systems may be classified by the 
method of handling requests, such as “request 
and confirm” or "sell and record." Under the first 
system, the request of the customer is relayed 
to the headquarters where the ledgers are kept, a 
search of the ledgers is made, and a message is 
Sent back to the ticket office stating either that 
the reservation has been made, or that the space 
is not available. This method, were it not for 
the time factor and the possibility of errors 
through the human element, is the most accu- 
rate; no space is sold until its availability has 
been verified. When the traffic becomes heavy, 
as it is today with nearly 15,000,000 air passen- 
gers per year, there is simply not enough time to 
search the ledgers for each reservation, enter the 
item, and return a confirmation or denial mes- 
sage. The problem of time is not serious when re- 
servations are requested a week or so in advance, 
but it becomes more and more acute as flight- 
time is approached; while this last is to some 
extent true of any method, it is particularly 
true here. 


Thus, although the re- 
quest-and-confirm sys- 
tem was the first to be 
used, and is the most ac- 
curate, it has generally 
been replaced by the 
sell-and-record method. 


1.3 SELL-AND-RECORD 
METHOD 


Developed primarily 
to speed up the service 
to customers, sell-and- 
record is based on the 
use of a space-availabil- 
ity board, or chart, in 
each local reservation 
office. By reference to 
this board, clerks can 
give immediate answers 
to most of their cus- 
tomers' requests. 

Under this system, now in use by most major 
airlines, local offices inform headquarters each 
time a reservation is made. Entries are made in 
ledgers at the headquarters, and the local offices 
are informed when the flights are almost filled 
up in order to keep the availability boards up to 
date. Time is saved since no return confirmation 
or denial message is used. As flights approach 
capacity, the facilities again become jammed, 
since the local office must then, because of pos- 
sible delay in posting the availability board, call 
headquarters to see if sufficient space is left, and 
an answering message is returned. Although a 
great deal of work has been saved in the long run, 
mistakes are more likely to occur than with the 
request-and-confirm method. Selling of the same 
space twice may occur, or unsold space may be 
left. Failure to receive a "sold" message in the 
central office may go unnoticed until it causes 
oversale. All these difficulties are particularly 
likely to happen during the last few hours before 
flight time. 


1.4 CENTRALIZED VERSUS DECENTRALIZED 
SYSTEMS 


Practical reservation systems may be classified 
as above into sell-and-record, request-and-con- 
firm, or any combination of those two methods, 
but another useful classification depends on the 
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location of space-control activities. Systems are 
either "centralized" or “decentralized” under 
this classification, depending on whether all of 
the space on a single flight is tabulated and con- 
trolled at a single point or is distributed among 
several points. 


1.4.1 Centralized 


A diagram of a typical centralized system is 
given in Fig. 2. A central reservation office, prob- 
ably near the traffic center of the network, 
contains the ledgers in which the reservation en- 
tries are made for the entire system. This office 
is connected by teleprinter or telephone lines to 
each local office in the system. In areas where 
traffic is relatively light, several local offices may 
be connected into a single telegraph circuit. As an 
indication of the number of personnel and the 
space required, a major airline may use about 200 
persons in the central office, and about 25 in each 
of 20 local offices. 

Fig. 3 shows the flow of information in a typi- 
cal centralized system. In each local reservation 
office are teleprinter machines connecting to the 
central office, a large space-availability board, 
and a number of incoming local telephone lines, 
some connected to various ticket offices, and 
some with numbers listed in the local telephone 
directory for direct calls from customers. 

Reservations made by the local offices are sent 
into the central office until the flights are almost 
full, perhaps 3 or 5 seats below capacity. The 
central office then "broadcasts" this fact over a 
second teleprinter line to each local office. When 
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CENTRAL RESERVATION OFFICE 


the flight is actually full, this is also broadcast. 
On the flight-availability board mentioned above, 
colored tags are systematically arranged on 
hooks to indicate the ‘‘condition” of the flight, 
ie., whether reservations can be confirmed im- 
mediately, space has to be requested from the 
central office, or whether no space can be sold. 

To trace the path of a reservation, let us as- 
sume that a customer telephones the local office 
requesting a seat on an airplane traveling be- 
tween stops A and B three days hence, leaving 
at 3:00 р.м. 

The clerk who receives this call in the local 
office will look at the tag that corresponds to this 
particular date and flight on the availability 
board (Fig. 3). If the tag indicates that space is 
available, he will inform the customer that he 
may have the seat, and asks him when he wishes 
to pick up the ticket. The information relative 
to his reservation is noted and placed on file. 
By means of the teleprinter, the central office is 
notified of the sale of this seat. In the central 
office, clerks enter the information in the partci- 
ular ledger corresponding to the flight and date. 

When the customer arrives at a ticket office 
to pick up his reservation, the ticket clerk tele- 
phones to the local reservation office and gives 
the flight, date, name, and terminals (4 and B). 
When the proper record is found, i.e., the card 
that was filed above, the information is checked, 
the card is marked ''Ticketed" and placed on 
file, and the ticket clerk sells the ticket. 

When the customer phones in for a reservation, 
if the clerk in the local office should find from the 
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Fig. 3—Reservation network using centralized sell-and-record method, showing flow of information. 


224 


ELECTRICAL COMMUNICATION 


availability: board that space is not immediately 
available, he will know that he must check with 
the central office whether there are any seats left 
on that flight. The clerk will therefore tell the 
customer that he will have to confirm the reserva- 
tion and will call back. After checking by tele- 
printer with the central office, if the answer states 
that there is a seat available, the clerk gets in 
touch. with the customer and the procedure is 

_as above. It may be noted here that this follows 
the request-and-confirm procedure mentioned 
above. 

Should the local-office clerk find a ‘‘stop-sale”’ 
indication on the availability board, or should 
the above inquiry to the central office show that 
there arc no seats available for the requested 
flight-time and date, the clerk will offer the cus- 
tomer alternative flights. That is to say, if there 


are no seats left on the 3:00 p.m. plane, he will 
offer seats on the next suitable flight showing on 
the availability board as ''available" or ''on 
request." 

All of this checking takes considerable time, 
and it often occurs that cancellations are not 
sent into the local office in time for resale of the 
seats. Such time lags immediately preceding 
flight departure prevent agents from positive 
selling, and result in space being available which 
cannot be sold. Therefore, one may often get 
a seat by waiting at the airport until departure 
time. This is a common practice, but is unfortu- 
nate from every point of view, since the would- 
be passenger may be disappointed or, if he does 
not come to the airport, the unsold space reduces 
flight revenue. | 

Again, since a customer's reservation may not 


Engineer checking Intelex operation by means of equi i 
Ч D uipment on test-set console. The racks in back of the console 
include switches, called the ledgers, for the storage of reservation information. 
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be noted in the ledgers 
for two hours or so 
after being approved 
by a local-office clerk, 
it is apparent that 
duplicate sales may 
occur before the avail- 
ability board can be 
brought up to date. 
This is due to the 
time-lag occuring be- 
fore the central-office 
clerk receives that 
particular notification 
(he may have many 
others to take care of 
first), finds the ledger, 
makes the notation, 
and gives instructions 
for the flight-condi- 
tion change to be 
broadcast. 

It must also be re- 
membered that dif- 
ferent offices in any 
other locality may be 
giving reservations on 
the same flight between any of the later stops. 
'Thus it is possible that a passenger wishing to 
fly from New York to San Francisco may be 
prevented from doing so by previous sale of 
all space on any one of the intermediate legs of 
the flight; such as on the Cleveland-Chicago 
leg of a New York-San Francisco flight. If the 
fact of such sale is not known in the New York 
office, it makes possible, again, a duplicate sale. 
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1.4.2 Decentralized 


Some airlines and nearly all railroads use a 
method, somewhat similar to the above, that 
might be called a decentralized, or an allocation 
system (Fig. 4). Here, the facilities of the central 
reservation office are divided among the various 
local offices, the ledgers of the reservations perti- 
nent to the adjacent area being kept in each 
local office. 

Each local office would be authorized to sell a 
certain number of seats on each trip, based on 
the average needs of that particular area. The 
ledgers accounting for the sale of this number of 


FLIGHT SEATS 


Fig. 4— System having same geographical layout as Fig. 2, but arranged as а decentral- 
ized system. Typical allocations of seats among the various offices are shown. Odd- 
numbered digits travel east to west, and even-numbered go west to east. The dashed 
lines indicate a communication network necessary for the exchange of reservations 
among offices having unsold seats and those requiring an excess over their allocation. 


allocated seats are then kept by the local office. 
The selling procedure is the same as above, 
except that it is not necessary to send messages 
to a central office. 

However should a local office sell all of the 
allocated seats, it becomes necessary to get in 
touch with other local offices to see if they have 
any to spare. This “shopping” entails consider- 
able long-distance communication between local 
offices, whereas, with the centralized system, all 
local offices communicate only with the central 
office. 

If a local office has unsold reservations just 
before flight time, they are given to a particular 
office, generally the one at the starting terminal 
of the flight, for sale there. 

Among the basic faults of this system are the 
duplication of the ledgers in the local offices, 
since several offices will be handling different 
numbers of tickets on the same flight (Fig. 4). 
'This may lead either to duplicate sales or to un- 
sold seats. Another fault, mentioned previously, 
is the great amount of communication between 
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offices in searching for the last few unsold reser- 
vations. 


2. Intelex 


The use of Intelex provides a reservation sys- 
tem in which the human element has been re- 
duced to a minimum. A typical system using In- 
telex is outlined in Fig. 5. 
This is a centralized res- 
ervation network that 
can be operated by the 
most efficient combina- 
tions of request-and-con- 
firm and sell-and-record 
methods. Adequate pro- 
tection is designed into 
this system to prevent 
most. of the difficulties 
inherent in the manual 
methods described 
above. It will be noted, 
by comparison of Figs. 3 
and 5, that the Intelex 
equipment serves to re- 
place the clerks and 
ledgers of the central 
office and most of the 
teleprinter operators in the central office. In a 
typical manual centralized system, as many as 30 
teleprinters may be required in the central office. 
From Fig. 5, it will be noted that the operation 
of the Intelex equipment is performed directly 
from the teleprinter in the local reservation 
office. Any printers in the central office are used 
for monitoring Intelex reservations and for han- 
dling "'in-the-clear" (uncoded) messages pertain- 
ing to reservations or passenger service. 

The replacement of personnel by automatic 
equipment (of the type found in automatic tele- 
phone exchanges) provides an ultimate in speed 
and accuracy. It is especially to be noted that 
when the Intelex system operates on the request- 
and-confirm basis that was mentioned earlier, it 
provides the additional advantage that, if no 
seats are available on the requested flight, the 
equipment will search other trips to find the 
best substitute for what was requested and will 
"offer" this to the requesting office. 

The Intelex requires but 10 seconds or less be- 
tween the start of the requesting message and the 
end of the answer from the equipment; no human 
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relaying or translation is required between the 
time when the order message is typed on the key- 
board of the local-office teleprinter and when the- 
answer is received on the same machine. A con- 
firmation can be given to a customer within a 
minute or two from the time that he makes his 
request. 
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Fig. 5—System of Fig. 3, showing replacement of clerks and ledgers in the central 


office by Intelex. 


To handle messages at a speed of one every 
4 seconds, or faster as required in the central 
office of a very large airline, the Intelex equip- 
ment is multiplied to provide for the simul- 
taneous handling of a sufficient number of mes- 
sages to meet the demands of the peak message 
trafic with a maximum delay of only a few 
seconds. 


2.1 INTELEX CENTRAL OFFICE 


In an Intelex central office, Fig. 5, all of the 
tabulations of reservations are kept by ledger 
switches in the equipment (see accompanying 
illustrations). The additional apparatus in In- 
telex comprises that used for the choice of the 
proper ledger switch, and for advancing the 
switches as cach reservation is recorded. 

The queryfrom the local-office teleprinter is 
automatically fed directly into the equipment, 
and the Intelex answer is automatically sent back 
to the same teleprinter. Every message to and 
answer from the Intelex is also printed on a 
monitor teleprinter that is located in the central 
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office. This teleprinter has two functions: When 
a query from one of the local offices is un- 
answerable, being either incorrectly coded or 
referring to nonexistent flights or impossible 
dates, the Intelex answer is an M, and a signal 
calls the attention of the monitoring clerk. Also, 
should an uncoded message be sent, this will 
not be accepted by the Intelex, but will appear 
on the teleprinter for the attention of the clerk, 
who will either give an answer or route the mes- 
sage to the proper office. 

In the central office, there is a reservation- 
recording teleprinter that prints only the In- 
telex answers in which a reservation was granted 
or cancelled. 

Also in the central office is the teleprinter 
broadcast transmitter, which automatically origi- 
nates and transmits the Intelex information 
necessary to bring the local-office availability 
board for any flight into the on-request or stop- 
sale condition; that is, within, say, 3 seats of 
capacity, or where no sets are left, respectively. 
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This information, when received in the local 
office, is manually applied to the space-availa- 
bility board. 


2.2 INTELEX LOCAL OFFICE 


In the reservation offices of an Intelex network, 
the arrangements are substantially the same as 
those for the centralized manual system de- 
scribed previously. Only a small change in the 
type of code used is necessary. Because of the 
speed with which Intelex will answer any re- 
quest, the reservation will be confirmed practi- 
cally at once and while the customer is still on 
the telephone. 

The availability board, which was a prime 
requisite in the case of the pure sell-and-record 
system, loses some of its importance here, since 
Intelex can operate on the request-and-confirm 
basis. However, in some cases it will be ad- 
vantageous to retain the board as a means of 
finding the number of an appropriate flight 


Intelex central office. The operator in the foreground is using the monitor r teleprinter. The logging teleprinter and the 
teleprinter broadcast transmitter appear in the left foreground. At the back are the meters and jack panels for moni- 


toring and adjusting the operation of the Intelex equipment. 
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Typical Intelex local reservation office. The clerks seated around the desk have access to the incoming telephone 
lines. In the center of the desk is an operator at the teleprinter connecting to the Intelex equipment in the central 
office. The availability board is in the background, with the teleprinter broadcast receiver (not visible) at its right. 


with all possible speed. That is, the availability 
board here replaces a time table or schedule. By 
retaining the colored tags on the board, a certain 
percentage of needless messages will not be sent 
to the machine, and some time will be saved. The 
information posted on the board, if it is used, is 
obtained from the teleprinter broadcast circuit. 


2.3 AN INTELEX RESERVATION 


For the purpose of illustrating the operation 
of an Intelex reservation system, let us again 
assume that a customer telephones a local office 
and requests a seat оп a 3:00 р.м. plane travel- 
ing three days hence between stops A and B. 

On receipt of the message in the local office, 
the clerk takes the above information and the 
customer's name and telephone number. The 
clerk then looks at the board, and if there is an 
indication of space available corresponding to the 
requested flight, he confirms the space to the 
customer, and obtains such other information as 


where and when he wishes to pick up the ticket, 
whether he will take the airline limousine to the 
airport, etc. 

While this is being done, the clerk at the tele- 
phone gives a teleprinter operator the following 
information on a small card: 


Clerk's identification number. 
Flight number. 

Day of the trip. 

Journey (start and finish airports). 
Number of seats. 


The teleprinter operator then punches a tape 
and sends a message, which may be of the follow- 
ing form, to the Intelex central: 


C101 F059 00518 J12 501 A3 7 


The first group (C101) is the clerk’s identifica- 
tion number; the second is the flight number; 
the third is the date (5th month, 18th day); the 
fourth is the journey designation (corresponding 
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to airports A and B); the fifth indicates the one 
seat requested; the sixth, A3, informs the ma- 
chine that the action to be taken is that of a 
reservation (as against inquiry, cancellation, or 
other actions); and the Z at the last is the ter- 
mination signal. The starting signal does not 
appear as a printed symbol. The above message 
may be prefaced by the customer’s name, which 
the Intelex will ignore, but which will appear on 
central-office printers as a record for future ref- 
erence. Also, the exact form of the message may 
be modified to meet the requirements of a par- 
ticular airline. 

In about 10 seconds, the Intelex equipment 
will return an answer as follows: 


М1328 


The letter and four digits comprise a serial 
number for the transaction, as assigned auto- 
matically by Intelex. 

In most cases, even though the clerk has al- 
ready informed the passenger that his request 
has been confirmed (on evidence of the availa- 
bility board), the confirming serial number will 
be received before the customer hangs up. In case 
the board had shown the flight to be ‘‘on re- 
quest," the clerk would not inform the customer 
of confirmation until the serial number was re- 
ceived. This serial number is entered on the reser- 
vation card where it becomes proof of a valid, 
recorded reservation. The card bearing all the 
information relative to the reservation is then 
placed on file in the local office until a clerk in one 
of the ticket offices telephones that the customer 
has arrived to pick up his ticket. After checking 
the customer’s information against that on the 
card, the customer will be sold his ticket and the 
card will be marked ‘“Тіскеќеа” and placed on 
file. 

If no space is available to fill a request on a 
particular flight, Intelex will search for another 
suitable flight having a sufficient number of seats 
available, and will not make a reservation, but 
will return an answer of the following type: 


F065 00518 116/ 13/15 


Note that the Intelex has not assigned a serial 
number to this transaction, serial numbers being 
given only when a reservation or cancellation 


is recorded. By the above answer, the equipment 
informs the local-office clerk that there are 16, 
13, and 15 seats left on the various legs of flight 
063 leaving on May 18. If the alternative appears 
satisfactory to the customer, another message 
will be sent requesting a seat. 

Should the board indicate that space is una- 
vailable on the requested flight, the clerk will 
suggest to the customer such other flights as may 
be suitable before interrogating Intelex. 


2.4 CANCELLATION 


One of the great advantages of this automatic 
equipment is that the ledgers are always up to 
date. Both reservations and cancellations are im- 
mediately reflected in the ledger settings. If a 
customer cancels his trip through a local office, 
the clerk there will send a message to the central 
office, as follows: 


C107 F153 DO518 J13 502 А2 Z 


'This message has the same significance as a res- 
ervation message, except for the А2, which indi- 
cates Action 2, or cancel. When the cancellation 
is recorded in the ledgers, the machine will re- 
turn an answer as follows: 


N8678 


As in the case of a reservation, a serial number 
has been assigned. Although the above flight 
has several sectors, the cancellation referred to 
only the flight sectors between airports 1 and 
3. The machine enters this information and 
changes the availability only on the legs con- 
cerned. 


2.5 INQUIRY OR '"HavE-A-Look" FEATURE 


It is also possible to send a message to the 
Intelex for the purpose of determining the num- 
ber of seats left on any particular flight. This 
message would be as follows: 


Ё153 D0516 A1 7 


No clerk's number is necessary, since there is to 
be no reservation or cancellation action by the 
machine, and hence no office record is required. 


‘ The A1 indicates that the message is an inquiry. 
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The Intelex answer might be the clerk will immediately accept the reserva- 


F153 00516 LOT7/06/03 


tion, since seats are certain to be available on 
days beyond the storage date. Such reservations 
can either be held in the local offices until the 
date of flight falls within the storage time and 


Again no serial number has been assigned. The then passed to the ledgers by normal Intelex 
answer indicates that there are 7, 6, and 3 seats methods, or they can be transmitted to the cen- 
left on the various legs of the flight. : tral office at the time of reservation. In the 


Inquiry messages 


may be addressed to 
the machine from any 
of the offices, local or 
central. This function 
is of use for determin- 
ing the number of pas- 
sengers on a flight for 
the purposes of arrang- 
ing transportation to 
the terminals, serving 
meals enroute, deter- 
mining the weight load, 
and also where it is 
desired to see if there 
is room on a flight for 
a large party traveling 
to a single destination. 
In the last case, it is 
desirable to determine 
the seats available on 
each of several con- 
secutive flights to see 
if the availability fits 
the requirements of the 
party before making 
the reservations. 


2.6 FUTURE RESERVA- 
TIONS 


Intelex, when ar- 
ranged to handle space 
reserved up to 8 days 
in advance, provides 
storage for 90 percent 
of all reservations, since 
only about 10 percent 
are requested more 
than 8 days in advance. 

When space is re- 
quested on flights in 
advance of this 8 days, 


Ledger switch as used in Intelex. Two switches are mounted on a single jack-in 
chassis. An advantage of Intelex is that the reservation information may be stored on 
the contacts of such switches as this. Each switch stores the information for one flight 
on a given day between two airports. All components in Intelex are mounted on remov- 
able chassis for ease in maintenance and for rapid replacement with spares. 


INTELEX—AUTOMATIC RESERVATIONS 


latter case, the message will be the same as a 
normal reservation message (Section 2.3 above), 
except that the action symbol will be 44 (future). 
The Intelex equipment will take no direct action 
on this message, but will answer with M, and 
operate a signal in the central office. This attracts 
the attention of the monitoring clerk to the mes- 
sage, which appears on a monitor teleprinter. 

The clerk will enter the information in a 
“Futures” book. When the central-office clerk 
sets up the Intelex to handle reservations having 
the requested date of this message, the infor- 
mation in the reservation will be recorded in the 
machine. 


2.7 WAITING LIST 

In the same manner as the above, a waiting 
list may be set up in the central office for cus- 
tomers who wish to be informed if cancellations 
occur on certain flights. The action symbol used 
in this case is 45. The signal again attracts the 
attention of the central-office clerk. 

When cancellations are made on flights already 
completely filled, Intelex reports them {о the 
waiting-list agent. By consulting the compiled 
waiting list for the system, this agent can au- 
thorize use of this space in accordance with the 
policies of the airline. 


2.8 RECORDING FACILITIES 


Attention may be drawn here to the recording 
facilities available with the Intelex system. The 
following services are supplied: 

A. Printed records in each ticket office of all messages 
originating in that office and the answers thereto. 

B. Printed records in the central office of all messages 
transmitted to Intelex and the answers thereto. 

C. A selective printed record of all reservations and can- 
cellations on a separate logging teleprinter in the central 
office. 


D. When the reservations on a given flight have brought 
the total to within, say, 3 seats of capacity, this informa- 
tion is transmitted simultaneously to all ticket offices over 
the broadcast circuit, and a record of this message is also 
made in the central office. 


3. Conclusions 
Intelex is an entirely new means of providing 
reservation facilities. It is applicable to any sys- 
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tem where a limited number of seats are avail- 
able, and which may be requested, cancelled, or 
inquired about from any number of different 
places. It approaches the subject from a modern 
view using electronic and electromechanical de- 
vices. These components have been proven as to 
stability and long life over a substantial period 
of time. 

The Intelex system is especially noteworthy 
for its speed and accuracy. These advantages 
particularly stand out when comparison is made 
with the manual systems now used by airlines 
and railroads. Intelex, therefore, permits an effi- 
ciency hitherto impossible and hence assists to- 
ward the economy of operation that is so im- 
portant in the transportation business. 

Although Intelex is new, the component parts 
have been tested over the years in automatic 
telephone exchanges located throughout the 
world. Many of the operating circuits and fea- 
tures have also been taken from that field, which 
is noted for its reliability. By concentrating all 
the equipment in one place, an adequate main- 
tenance program can be followed to prevent 
failures and interruptions in the operation of the 
system. 

'The Intelex equipment is extremely adaptable, 
since the circuits may be connected to handle any 
number of flights, for any number of days in ad- 
vance, and for any number of different airports. 
The number of possible requesting sources, or 
local offices, is likewise unlimited. Intelex nor- 
mally operates from the usual 5-unit start-stop 
printing-telegraph code. 

It may be pointed out here, in conclusion, that 
the Intelex system, besides its application in in- 
dustries requiring reservation facilities, such as 
railroads, airlines, hotels, theatres, and others, 
has additional possibilities: Intelex is basically 
a bookkeeping system capable of handling an un- 
limited number of entries into a great number of 
different ledgers. Possible additional applications 
are in the fields of inventory control, credit au- 
thorization, chain-store bookkeeping, etc. Intelex 
would be useful in any system requiring remote- 
control bookkeeping facilities. 


International Telecommunication Convention, 
Atlantic City, 1947 


By P. E. ERIKSON 
International Standard Electric Corporation, London, England 


HE document that has governed inter- 
national telecommunication during the 
last 15 years by agreement between the 

nations of the world is known as the Madrid Con- 
vention of 1932. In July, 1947, plenipotentiaries 
of 78 nations met at Atlantic City (New Jersey, 
U.S.A.) for the purpose of revising and bringing 
up to date that Convention. The new (Atlantic 
City) Convention is in four parts. 


A. Convention proper. 
В. General regulations, attached to the Convention. 
C. Protocols and resolutions. 


D. Agreement with the United Nations Organisation. 


These notes are not intended to give a detailed 
account of the new Convention and its associated 
documents, but rather to point out important 
changes or additions to the Madrid Convention. 


1. Convention Proper 


The International Telecommunication Union, 
which will be referred to as the Union, has hereto- 
fore had its headquarters at Berne, Switzerland. 
It has been decided that the Union shall in the 
future have its seat at Geneva, Switzerland, and 
the move is to take place by the end of 1948. 
The former name “Bureau of the Union" will be 
changed to “General Secretariat." 

A rather important article, defining the pur- 
poses of the Union, has been introduced into the 
new Convention. These purposes are: 


A. To maintain and extend international co-operation for 
the improvement and rational use of telecommunication 


of all kinds. 


B. To promote the development of technical facilities and 
their most efficient operation with a view to improving the 
efficiency of telecommunication services, increasing their 
usefulness and making them, so far as possible, generally 
acceptable to the public. 


C. To harmonise the actions of the nations in the attain- 
ment of these common ends. 


In commenting on the more important changes 
in the Madrid Convention, the serial numbers of 
the articles dealt with below are those of the 
Madrid Convention. The numbering of the 
articles in the Atlantic City Convention does not 
correspond to that of the old Convention. 

The Madrid Convention (in Article 16) pro- 
vides for the setting up of international consulta- 
tive committees and the annexed regulations re- 
cognise as existing three such committees 
(Comité Consultatif International Téléphonique, 
Comité Consultatif International Télégraphique, 
and Comité Consultatif International Radio) as 
part of the Union. The new Convention strength- 
ens the two latter (Article 8), and provides for 
the headquarters of all three to be at Geneva. 
It also creates two new permanent organs of the 
Union, namely, an Administrative Council and 
an International Frequency Registration Board. 

The Administrative Council, which will consist 
of representatives of 18 member countries of the 
Union, shall normally meet at Geneva once a 
year and shall act in behalf: of the Plenipoten- 
tiary Conference in intervals between its meet- 
ings, which are normally every five years, always 
within the limits of the power delegated to it by 
the latter. An important duty assigned to this 
Council is that it shall be responsible for taking 
all steps to facilitate the implementation by the 
members of the Union of the dispositions of the 
Convention, of the regulations, and of the deci- 
sions of the Plenipotentiary Conference. 

As other duties concern the appointment of 
the Secretary General (and two assistants), 
supervision of the administrative functions of the 
Union, approval of its annual budget, audit of 
accounts, etc., it may be said that the Adminis- 


trative Council, in fact, constitutes the manage- 


ment of the organisation of the Union. 

The essential duties of the International Fre- 
quency Registration Board are to effect an order- 
ly recording of frequency assignments made by 
different countries and to advise them of the 
maximum practicable number of radio channels 
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that is workable without harmful interference. 
Members of the Board, who are all nationals of 
different countries, shall be elected by each or- 
dinary administrative radio conference according 
to its procedure. They are to be full-time paid 
officials of the Union. Perhaps, the most impor- 
tant feature is that members of the Board shall 
serve, not as representatives of their respective 
countries or a region, but as custodians of an 
international public trust. Also, no member of 
the Board shall request or receive instructions 
relating to the exercise of his duties from any 
government, public or private organisation, or 
person. . 

'The general duties of the Bureau of the Union 
were dealt with in Article 17 of the Madrid Con- 
vention. The corresponding provisions in the new 
convention (Article 9) lay down similar duties 
for the Secretary General. He is, however, given 
additional powers, such as the appointment of 
staff, and the relations between the Secretariat 
and the Administrative Council are defined. 

A separate article has been provided in the 
Convention on the subject of Administrative 
Conferences, which are to be held at the same 
place and at the same time as the Plenipotentiary 
Conference, in general, every five years. The pri- 
mary function of the administrative telegraph, 
telephone, and radio conferences will be to revise 
the regulations annexed to the Convention and to 
deal with all other matters deemed necessary 
within the terms of the Convention and regula- 
tions, or in accordance with any directive given 
by the Plenipotentiary Conference. 

Provision is also made for calling extraordinary 
conferences during the intervals between normal 
conferences. 

The expenses of the Union are divided into 
(a) general or ordinary expenses, which cover the 
day-to-day activities of the Union (including the 
new International Frequency Registration Board 
and the strengthened consultative committees) 
and are borne by all members and associate mem- 
bers, and (b) extraordinary expenses, which cover 
the costs of the various conferences and meetings 
of the consultative committees and are borne by 
the members and associate members participat- 
ing. Under the old Convention, private operating 
agencies and international organisations partici- 
pating in the work of the consultative committees 
also contributed to the expenses of their meetings. 


Under the new Convention, this system is ex- 
tended to cover Administrative Conferences as 
well; and in addition scientific or manufacturing 
organisations contribute to the expenses of the 
meetings of the consultative committees. 

In the past, the Swiss government has ad- 
vanced funds for the operation of the Union and 
has been reimbursed when the members' con- 
tributions (paid in arrears) were received. Under 
the new Convention, the Union is financially 
autonomous, and from the start of 1949 mem- 
bers' contributions will be payable in advance. 

French was formerly the official language’ of 
the Union, but both French and English were 
admitted at conferehces. The new Convention 
makes provision for five official languages: 
Chinese, English, French, Russian, and Spanish. 
In case of dispute, the French text shall be auth- 
entic. There ‘dre also now three working lan- 
guages, Spanish having been added at the in- 
stigation of the Latin American countries. 

'The new Convention is specific in stating that 
members are bound to abide by the provisions of 
the Convention and all three sets of regulations 
(1.е., the Atlantic City radio communication reg- 
ulations and the telephone and telegraph regula- 
tions as amended next year at a conference to be 
held in Paris). Private operating agencies are 
likewise bound by the same rule, but military 
services are exempted from this obligation. 

The effective date of the new Convention is 
January 1, 1949. 

There are two annexes to this part of the Con- 
vention proper. Annex 1 contains a list of all of 
the countries represented at the Plenipotentiary 
Conference. Annex 2 presents a list of definitions 
of terms used in international telecommunica- 
tion. Most of the definitions which appeared in an 
annex to the Madrid Convention have been re- 
tained and a few new ones added, due to progress 
made since the old Convention became effective. 


1.2 GENERAL REGULATIONS 
1.2.1 Conferences 


In the Madrid Convention, these provisions 
are to be found in an appendix, where they are 
grouped under the heading of rules of procedure. 
This, in fact, is the subject matter of the regu- 
lations. In other words, they lay down the rules 
to be followed in convening the plenipotentiary 
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and administrative conferences, voting, methods 
of introducing proposals, order of seating, adop- 
tion of proposals, minutes and reports, etc. The 
regulations also include provisions for a corres- 
ponding routine, applicable to the conferences 
of the international consultative committees. A 
conference, before entering on its deliberations, 
adopts its own rules of procedure taking as a 
basis these regulations, but with such modifica- 
tions as it thinks fit. 

Editorially, the old regulations were listed as 
Articles, of which there were 31 in all. In the new 
Convention, the regulations are presented as 
Rules in chapter form. The numbers of the rules 
do not coincide with the former articles and, in 
commenting on changes or additions to the old 
text, reference is in all cases made to the number 
of the Article. 

Generally speaking, much of the old text has 
been retained, but has been remodelled to in- 
clude provisions for the functions of the Adminis- 
trative Council. 

Article 2 of the Madrid regulations specifies 
the method to be followed in sending out invita- 
tions to contracting governments to attend 
plenary sessions of the Union. In the new Con- 
vention, this article is contained in Chapter 1 of 
the regulations and contains two additional 
clauses. One states that the United Nations 
Organisation shall be notified of the date and 
place of the Plenipotentiary Conference in order 
that the said Organisation may attend the meet- 
ing. The second clause states that any permanent 
organ of the International. Telecommunication 
Union shall be admitted, as of right, to take part 
in the conference in an advisory capacity. 

Similar rules are laid down with respect to 
invitation and admission to the Administrative 
Conferences. 

Articles 21 and 22 (Madrid) contain the rules 
on voting as heretofore used. In the new Con- 
vention, these articles are merged into one anda 
new provision introduced to the effect that each 
delegation shall present credentials which, in the 
case of plenipotentiary conferences, must be full 
powers signed by the head of the government or 
the minister of foreign affairs. 

F Article 11 (Madrid) states that the choice of 
chairmen and vice chairmen of each committee 
shall be ratified by the plenary assembly. The 
new Convention retains this clause and adds an- 


other, which empowers the chairman of each 
committee to propose to his committee the 
nomination of rapporteurs, as well as of the 
chairmen, vice chairmen, and rapporteurs of sub- 
committees. In this connection, it is to be ob- 
served that in the new rule there is no indication, 
except in the case of plenipotentiary conferences, 
that any of these officials must be administration 
(government) men. 


2. International Consultative Committees 


As already mentioned, the Madrid Convention 
proper merely states that international consulta- 
tive committees may be set up. The reader is 
referred to the individual sets of regulations for 
further particulars. 

The new Convention lays down general rules 
for participation in such committees. As these 
new rules are important, they are summarised 
below. Administrations as members of the Tele- 
communication Union are admitted as a right. 
Recognised private operating agencies are ad- 
mitted at their own request, which must, how- 
ever, be approved by the administration of the 
government recognising it. International organ- 
isations, which co-ordinate their work with the 
Union, may be admitted in an advisory capacity. 
Scientific or manufacturing organisations engaged 
in telecommunication are admitted in an advi- 
sory capacity to committees of the plenary 
assembly and to study groups, subject to the 
approval of the administration of the countries 
concerned. 

Heretofore only the Comité Consultatif Inter- 
national Téléphonique has had a permanent 
secretariat in charge of a General Secretary. 
According to the new Convention, the telegraph 
and radio committees also will have permanent 
secretariats. All three committees will each have 
a director, who, in effect, will have much the 
same status as the Secretary-General of the tele- 
phone committee had in the past. 

The general regulations conclude with a new 
clause on the financing of the consultative com- 
mittees. The salaries of the directors of the con- 
sultative committees and the ordinary expenses 
of their secretariats shall be included in the 
ordinary expenses of the Union. The expenses of 
the meetings, plenary and committee, including 
the extraordinary expenses of the directors and 
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those of their secretariats, shall be borne by the 
administrations, private operating agencies, and 
scientific or manufacturing organisations partici- 
pating. These expenses shall be apportioned 
among these bodies in proportion to the number 
of units that the respective governments con- 
tribute to the ordinary expenses of the Union. 
These bodies shall also defray their own personal 
expenses. All documents are to be purchased. 


3. Protocols and Resolutions 


This part chiefly concerns arrangements for 
the transitional period, ie., up to January 1, 
1949, when the new Convention comes into 
force. Thus the Administrative Council was to be 
set up forthwith and function on a provisional 
basis until January 1, 1949. In fact, it held its 
first meeting at Atlantic City, elected its chair- 
man and vice chairmen and arranged for its 
subsequent sessions. The second session was held 
in Geneva (January to February, 1948) and re- 
sulted in many problems in connection with the 
operation of the new Convention being clarified. 
Another meeting will be held in September, 
1948, to deal with any further questions that 
arise before the entry into force of the new Con- 

: vention. The International Frequency Registra- 
tion Board has likewise been set up. It held its 
first meeting at Atlantic City, organised its work, 
and is operating on a temporary basis until 
January 1, 1949. The general secretariat will use 
the present personnel of the Berne Bureau, pend- 
ing the completion of new staff arrangements. 

The protocol gives particulars of the ordinary 
annual expenses of the Union for 1948 and for the 
period 1949-1952. 

For 1948, the secretary general of the Union is 
authorised, on approval by the administrative 
council, to incur ordinary expenses not exceeding 
1,500,000 Swiss francs. Two-thirds of this amount 
is to be allocated to the radio division and one- 
third to the telephone and telegraph divisions. 
In addition, the expenses of the International 
Frequency Registration Board and the Provi- 
sional Frequency Board during 1948 amounting 
to 1,832,000 Swiss francs are authorised. 

The administrative council may incur ordinary 
annual expenses not exceeding 4,000,000 Swiss 
francs for the period 1949-1952. The prior appro- 
val of the majority of members and associate 


members of the Union is required if this sum is to 
be exceeded. 

The resolutions concern grading of the secre- 
tarial staff, pension funds, financial, and other 
matters. 

Regarding the payments of annual dues from 
member administrations and other recognised 
members, a resolution was passed instructing the 
secretary general to show in the annual financial 
report, beginning 1947, a list of the countries in 
arrears, together with the sums due. 

The section containing the resolutions, con- 
cludes with an opinion that is worthy of note. 
It reads: “Тһе International Telecommunication 
Conference of Atlantic City recognises the neces- 
sity of rendering immediate assistance to the 
countries (Members of the Union) that were dev- 
astated by the second world war, in order to 
rehabilitate their telecommunication systems, 
and expresses the hope that the United Nations 
draw attention of its competent organs to the 
importance and the urgency of this problem, 
which is part of the general problem of. recon- 
struction.” 


4, Agreement with United Nations 
Organisation 


This is a formal agreement between the United 
Nations Organisation and the International 
Telecommunication Union. The most important 
article in this agreement is the first one which 
reads: ‘‘The United Nations recognises the [п- 
ternational Telecommunication Union as the 
specialised agency, responsible for taking such 
action as may be appropriate under its basic 
instrument for the accomplishment of the pur- 
poses set forth therein." 

The other. articles in the agreement cover 
methods and means of co-operation between the 
two bodies. 


5. Historical Note 


As a matter of record, it may be mentioned 
that the International Telecommunication Union 
was originally known as the International Tele- 
graph Union, created by the International Tele- 
graph Congress in Vienna, 1868, for the purpose 
of collecting, arranging, and publishing inform- 
ation of every kind concerning international teleg- 
raphy. An office was established in Berne, 
Switzerland to serve as headquarters and was 
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known as the Bureau of the Union, which was 
financed by contributions from member coun- 
tries and from the sale of publications. Plenary 
meetings of the Union were held at regular inter- 
vals of 3 to 5 years, and in Paris in 1890 teleph- 
ony was for the first time brought in as part 
of the plenary proceedings. In 1906, the Berlin 
Radio Telegraphic Conference entrusted to the 
Bureau the same duties in regard to radioteleg- 
raphy as it already discharged in the field of 
telegraphy. From January 1, 1929, the interna- 


ELECTRICAL COMMUNICATION 


tional radiotelegraph service was governed by the 
Washington Convention of November, 1927, 
and the general regulation annexed thereto. 

The International Telecommunication Con- 
vention Madrid (1932) and its three annexed sets 
of service regulations (for international teleg- 
raphy, telephony, and radiocommunication, re- 
spectively) were the result of the fusion of the 
Telegraph and Radiotelegraph Conventions. 
The three sets of service regulations were revised 


at Cairo (1938). 


High- Stability Radio Distance- -Measuring Equipment for 
Aerial Navigation 


By H. BUSIGNIES 


Federal Telecommunication Laboratories, Incorporated, Nutley, New J ersey 


ISTANCE-MEASURING equipment 

constitutes an important radio aid to 

aerial navigation. It provides an equip- 
ped aircraft with a simple meter indication of its 
distance from a selected ground beacon. Non- 
rotating antennas having omnidirectional radia- 
tion patterns in the horizontal plane are em- 
ployed in the aircraft and on the ground. Line-of- 
sight distances up to 100 nautical miles (185 
kilometers) are measured with an accuracy at 
slant range of +0.2 mile or 1 percent, whichever 
is greater. 

The crystal-controlled equipment to be de- 
scribed provides 51 clear two-way narrow-band 
channels in the 960-1215-megacycle-per-second 
aerial-navigation band. A special detector per- 
mits adjacent-channel rejection to exceed 70 
decibels with a channel separation of only 2.375 
megacycles. 

A conservatively rated beacon services 50 
aircraft, and several times this number may be 
accommodated by two or more beacons operating 
in parallel. 

The airborne equipment, exclusive of meter, 
antenna, and remote control box, is housed in a 
standard aircraft radio case 157% by 10$ by 73 
inches (40 by 26 by 19 centimeters) and weighs 
less than 35 pounds (16 kilograms). The antenna 
is a simple half-wave element. The standard 
ground beacon is housed in a cabinet with a 
maximum height of 76 inches and will deliver 
5 kilowatts of peak power. The beacon antenna 
is a vertical array of nine discone elements. 


.The indication in an aircraft of its distance 
relative to a fixed ground beacon has been stated 
by various policy-making organizations to be the 
most urgently needed radio aid to aerial naviga- 
tion. The combined: use of omnirange beacons 
and distance-measuring equipments allows navi- 
gation by the distance-bearing (R-0) system! 


IR. I. Colin, "Survey of Radio Navigational Aids," 
Electrical Communication, v. 24, pp. 219-261; June, 1947. 


recommended by the International Civil Avi- 
ation Organization. Also, it is contemplated that 
distance indicators may supplement or replace 
the marker beacons used with the instrument 
landing system.? As a result of the concentrated 
effort that has been applied to developing a 
practical distance-measuring equipment; the 
major problems have now been solved and sev- 
eral equipments have been put in experimental 
operation.* : 


1. Principles of Operation 


In the distance-measuring system to be de- 
scribed, distance is measured by an airborne 
challenger working in conjunction with a ground 
beacon. The challenger-responder principle is 
utilized. Both the airborne challenger and the 
ground beacon have a pulsed transmitter and a 
receiver. The transmitter in the aircraft starts 
the measuring process when it sends out a chal- 
lenging pulse. This is received at the ground 
beacon and causes its transmitter to respond with 
a similar pulse. When the response pulse is re- 
ceived in the aircraft, special circuits measure the 
time elapsed between the transmission of the 
challenging pulse and the reception of the re- 
sponse pulse. Other circuits then convert the time 
difference into a mechanical indication of the 
distance from the aircraft to the beacon. This 
sequence of operations is repeated frequently 
enough to give a smooth and continuous indi- 
cation. 

A beacon does not transmit a response in- 
stantaneously when challenged; a standard delay 


2S. Pickles, “Army Air Forces’ Portable Instrument 
Landing System,” Electrical Communication, v. 22, n. 3, 
pp. 262-294; 1945. 

3H. Busignies, P . К. Adams, and R. I. Colin, “Aerial 
Navigation and Traffic Control with Navaglobe, Navar, 
Navaglide, and Navascreen," Electrical Communication, v. 
23, pp. 113-143; June, 1946. 

iP. Б. Adams, S. H. M. Dodington, and J. A. Herbst, 
"First Tests on Navar System for Aerial Navigation and 
Air Traffic Control" (Summary), Electrical Communication, 
v. 24, pp. 263-264; June, 1947. f ; 
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of 75 microseconds has been adopted and all 
beacons are adjusted to this value. The airborne 
distance-indication equipment allows for this de- 
lay in its computations. 

In order that many aircraft may operate in a 
given area with a single ground beacon, the bea- 
con responds to all challenges in its assigned 
channel. Each airborne challenger, therefore, 
receives the responses of the beacon to other 
challengers. Thus, the airborne equipment must 
have some means of finding and abstracting the 
responses to its own pulses. For this purpose, 
special circuits called the strobe examine in a 
stroboscopic manner all responses received. Only 
those response pulses that have the same char- 
acteristic timing as the challenging pulses 
emitted from that aircraft affect its distance 
indicator. 

The number of ground beacons to be employed 
within a given area will depend on the extent of 
the area, nature of the terrain, number of air- 
ports within it, density of traffic, and accepted 
flight procedures. It is generally agreed that each 
beacon will be limited to line-of-sight oper- 
ation corresponding to a maximum range of 
about 100 nautical miles (185 kilometers) and 
approximately 40 nautical miles (74 kilometers) 
for an airplane at a 1000-foot (305-meter) alti- 
tude and a beacon-antenna height of 50 feet (15 
meters) above mean elevation. There must be 
complete coverage of the airways. 


2. Channeling System 


Each beacon must operate on a separate and 
well-defined two-way channel, and each airborne 
challenger must provide for simple selection of 
any one beacon. The method of channeling used 
in a distance-measuring equipment to provide a 
distinct two-way channel for each beacon must 
satisfy the following basic requirements: 


A. Economy in utilization of available frequency spectrum. 
(In the U.S.A., the number of channels was set at 51 in 
the frequency band from 960-1215 megacycles. ) 


B. Separation of channels must be sufficient to eliminate 
adjacent-channel interference. 


C. Each beacon channel must accommodate a large num- 
ber of aircraft without interference among them. 


D. Desired distance range must be obtained with minimum 
transmitted power. 


E. Distance-measuring equipment should not interfere 
with any other function of a complete aerial-navigation 
system, such as aircraft identification and altitude report- 
ing, that might share the same channels. 

These requirements, which affect the develop- 
ment not only of distance-measuring equipment 
but other future navigational aids in the 1000- 
megacycle region, have posed major issues in 
establishing specifications for a distance-meas- 
uring system. 

The history of radio provides ample evidence 
of the continuous trend toward crystal con- 
trol. Whenever a new band of frequencies is 
opened, there is always such demand that the 
most readily available circuits are immediately 
pressed into service without too much thought of 
frequency stability. Often, highly ingenious and 
complicated circuits and techniques are evolved 
to combat the basic limitations in stability. 
Sooner or later, however, closer frequency toler- 
ance, with resultant better use of the spectrum 
and better performance of the equipment, be- 
comes so imperative that the best methods must 
be adopted, regardless of practical difficulties. 

lt was felt, therefore, that the future of the 
proposed aids in the 1000-megacycle region could 
best be served by a direct attack aimed at the 
requisite number of crystal-controlled narrow- 
band channels. Development of such a system 
presented a distinct technical challenge, but one 
that would result in a standard type of equip- 
ment that could be built by different groups in 
various countries according to more or less stand- 
ard production routines. 

Some of the specific characteristics of a high- 

stability, crystal-controlled system may be seen 
from the following list of characteristics of equip- 
ments already constructed. 
A. Channel separation of 2.375 megacycles allows 51 two- 
way clear channels within the allocated band of 960 to 
1215 megacycles. The challenging channels cover from 
965.375 to 1084.125 megacycles in 2.375-megacycle inter- 
vals. The reply channels are always 125.5 megacycles above 
the challenging channel and extend from 1090.875 mega- 
cycles to 1209.625 megacycles. 


B. Adjacent-channel rejection is so complete (obtained 
through the use of a special detector) that in the geographic 
distribution of beacons, those that are physically adjacent 
may operate on adjacent channels. Channel selection is 
simplified and operation is free of interference. Sharing of 
channels with other services, such as omnirange and local- 
izer beacons, on a geographic basis becomes a simple 
matter. 
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Fig. 1—Airborne distance-measuring equipment flight tested early in 1947. Indicators 
are provided for distance from the beacon and for the aircraft speed in miles per hour. 
With the exception of the indicators, all the equipment is mounted on a single chassis. 


C. Narrow bandwidth greatly reduces the possibility of 
interference from harmonics of lower-frequency transmit- 
ters. 


D. A given ground beacon can service a large number of 
aircraft, because high stability reduces the total number of 
pulses required per aircraft. 


E. As pulse combinations or codes are not employed for 
channeling, the usc of multiple pulses is reserved for other 
purposes, including the transmission of additional navi- 
gational or traffic-control information over the distance- 
measuring channels. 


3. High-Stability Distance- Measuring 
Equipment 

3.1 GENERAL 

A complete distance-measuring system com- 
prising an airborne challenger and a ground 
beacon has been developed. In both equipments, 
the receivers as well as the transmitters are crys- 
tal controlled. In each case, the receiver and 
transmitter, together with the necessary video- 
frequency, power, and measuring circuits, are 
housed in a single cabinet. The same antenna is 
used for both transmission and reception. 


3.2 AIRBORNE CHALLENGER 
Fig. 1 is a photograph of one of a series of 
airborne equipments flight tested early in the 
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spring of 1947 to dem- 
onstrate system  per- 
formance. This early 
series of challengers 
operates on only the 
first 6 of the 51 chan- 
nels and gave distance 
readings on a 270- 
degree-scale meter. In 
this particular instru- 
ment, two ranges, 0-12 
and 0-120 statute miles 
(10.4 and 104 nautical 
miles or 19.3 and 193 
kilometers), are pro- 
vided. Indication of the 
rate of travel of the air- 
craft is an optional fea- 
ture and provision is 
made for a maximum 
speed of 600 miles (965 
kilometers) per hour in- 
bound and outbound. 

A feature of the 
equipment is the subunit method of construc- 
tion, with many of the subunits being of the 
plug-in type. 

Fig. 2 is a photograph of a later equipment 
that operates on 51 channels. In this model, 
distance information is obtained directly from 
the rotation of a shaft and can be supplied to the 
computer of an automatic-flight-control equip- 
ment. The distance indicator is a panel-mounting 
type having a rotating disc and a rotating 
pointer. The calibration is from 0 to 100 nautical 
miles (185 kilometers), with the smallest scale 
division equal to 0.1 mile. 

This equipment is mounted in a standard 
B1-C1 aircraft radio case measuring 154 by 103 
by 7% inches (40 by 26 by 19 centimeters) and 
weighs less than 35 pounds (16 kilograms). It 
operates from 115-volt 380-1760-cycle and 28- 
volt direct-current supplies, requiring 250 watts. 
It is operable over a range of ambient tempera- 
ture from —40 to +60 degrees centigrade (— 40 
to 4-140 degrees fahrenheit) at a relative humid- 
ity varying between 5 and 95 percent and within 
the barometric pressure range corresponding to 
8.5 and 31 inches of mercury. 

A few of the circuit details may be interesting. 
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Fig. 2—Latest airborne distance-measuring equipment. Fifty-one crystal-controlled channels are provided. Distance 
indication is given by the rotation of a shaft. Rate indicator is optional. The remote control box is not shown. 


Each of the 51 channels has two clear crystal- 
controlled frequencies, one for transmission and 
one for reception, having a constant difference of 
125.5 megacycles. The two frequencies of each 
channel are determined by a single crystal, and 
51 crystals in a rotating turret are provided for 
the 51 channels. The single tuning control of the 
crystal oscillator, the tuning plunger of the trans- 
mitting oscillator, and the tuning plunger of the 
receiver preselector cavilies are linked to the 
channel-selector mechanism. 

The local crystal oscillator and frequency 
multiplier supply a heterodyning signal to two 
radio-frequency converters. During transmission, 
a sample of the transmitting oscillator energy is 
compared in the automatic-frequency-control 
converter with the crystal-controlled local-oscil- 
lator signal; the difference frequency operates 
the automatic-frequency-control circuits and the 
tuning mechanism that brings the transmitter 
to the correct frequency. It is possible to hold 
the frequency to within +100 kilocycles of the 


assigned value; but this extreme accuracy does 
not appear to be necessary and a tolerance of 
+200 kilocycles is satisfactory. During recep- 
tion, the incoming signal passes through the 
receiver preselector cavities, receiver radio-fre- 
quency converter, intermediate-frequency am- 
plifier, and a special detector that is instru- 
mental in obtaining an adjacent-channel rejection 
greater than 70 decibels. The video-frequency 
output of the detector is fed to the distance- 
measuring circuits and indicators. 

For continuous distance indication, the re- 
ceiver requires an input signal of 15 microvolts 
across its 50-ohm input terminals. The strobe 
circuit requires approximately 7 seconds to 
search through the distance range of zero to 100 
nautical miles (185 kilometers) for the response 
from the beacon. It will continue to search until 
a response is received and will then lock onto the 
signal from the beacon and give a steady indica- 
tion of distance. The accuracy of indication is 
within 0.2 mile or 1 percent, whichever is 
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greater, under normal slant-range conditions. 

When a continuous indication of distance is 
being obtained, the strobe circuits are locked to 
the responses from the beacon and the airborne 
challenger emits approximately 30 pulses per 
second. When no distance indication is being ob- 
tained, the strobe circuits search through the 
distance range for responses from the desired 
beacon, and the pulse-repetition rate is increased 
to 150 pulses per second. For a pulse length of 
1.5 microseconds, the duty cycles for tracking 
and searching are 30 X 1.5 X 10-* and 150 X 
1.5 X 1075, or 0.0045 percent and 0.023 percent, 
respectively. With a maximum allowable duty 
cycle of 0.1 percent, the duty cycle during search 
is only one-fifth of the maximum allowable; and 
during normal tracking operation there is a much 
greater reserve of power. In the future, it is 
planned to utilize this available power to trans- 
mit to the ground such information as the 
identity and altitude of the aircraft. 

The antenna serves for both transmission and 
reception and is mounted on the belly of the air- 
plane. The standard antenna installation em- 
ploying 35 feet of RG-8/U radio-frequency co- 
axial cable, has a loss in the cable under matched 
conditions of 3 decibels 
in each direction. The 
peak power of the 
transmitting oscillator 
is 2 kilowatts nominal; 
the peak poweractually 
radiated by the an- 
tenna, therefore, is 
nominally 1 kilowatt. 


3.3 GRoUND BEACON 


'The function of the 
ground beacon is to re- 
spond to challenges 
from airborne equip- 
ments operating on the 
frequency assigned to 
the beacon. However, 
in a comprehensive sys- 
tem for aerial naviga- 
tion and traffic control, 
other functions may be 
superimposed on the dis- 
.tance-measuring bea- 
con to transmit infor- 
mation to the aircraft. 


TRANSMITTER 
TUNING DRIVE 


CONVERTER 


Fig. 2. 


TRANSMITTING 
OSCILLATOR g -= MODULATOR 


AUTOMATIC-FREQUENCY-CONTROL 
CIRCUITS. 


AUTOMATIC-FREQUENCY- CONTROL 


Fig. 3—Block diagram of 
airborne challenger shown in 
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The ground beacon, shown іп Fig. 4, may be 
tuned to any one of the 51 channels assigned to 
this service. It has a nominal peak-power output 
of 5 kilowatts and minimum and maximum out- 
puts of 3.4 and 6 kilowatts, respectively. It re- 
quires less than 1000 watts from a 115-volt 50-70- 
cycle single-phase power source. Using standard 
19-inch (48-centimeter) panels, it is 76 inches 
(193 centimeters) high and weighs less than 500 
pounds (227 kilograms). It is designed for oper- 
ation between —40 and +60 degrees centigrade 
(—40 and 4-140 degrees fahrenheit), 5- and 95- . 
percent relative humidity, and atmospheric pres- 
sures equivalent to 17 to 31 inches of mercury. 

The beacon features simplified construction 
with subchassis mounted vertically to provide 
ready access to the wiring and test points from 
the front of the cabinet and to the tubes and large 
components from the rear. 

Operationally, these beacons may be used for 
general navigation or for approaching an airport. 
For navigation, combined use is made of an om- 
nirange beacon and distance-measuring equip- 
ment. A maximum range of 100 nautical miles 
(185 kilometers) has been established as being 
satisfactory for this purpose. For the next few 
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years, the density of air traffic probably will be 
such that not more than 50 aircraft will be within 
the service range of a distance-measuring beacon, 
ie., within a radius of 100 nautical miles. Ac- 
cordingly, the present beacon has been designed 
to handle 50 aircraft with a superior service and 
up to 80 aircraft with acceptable service. 

The traffic-handling capacity of a beacon is 
determined by the ability of the transmitting 
tubes to dissipate power appearing in the form of 
heat. Depending on the tube and circuit employ- 
ed, the maximum allowable duty cycle may fall 
somewhere between 0.1 and 1 percent. With a 


Fig. 4—Ground beacon for distance measuring. The 
transmitter is rated at 5 kilowatts nominal and 6 kilowatts 
maximum peak power. It may be adjusted to any of the 51 
channels assigned to this service. 
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. total of 50 aircraft, one of the worst conditions is 


represented when 5 are searching and 45 are 
tracking. At this instant, 100-percent replies by 
the beacon would require a nominal duty cycle of 
0.315 percent. However, operation with 80 per- 
cent replies by the beacon is considered to be 
adequate, and the present beacons have a maxi- 
mum duty cycle rating of 0.25 percent. In the 
near future, the duty-cycle rating will be in- 
creased to 0.4 percent to cover functions other 
than distance measuring. 

The transmitter will be triggered by any 
input to the 50-ohm receiver terminals exceeding 
15 microvolts. The adjacent-channel rejection of 
the receiver is greater than 75 decibels and the 
image and intermediate-frequency rejections are 
greater than 70 and 80 decibels, respectively. 

Flight tests have demonstrated that the high- 
stability distance-measuring equipment performs 
satisfactorily when less than 2 kilowatts of peak 
power are radiated from the ground. Therefore, a 
beacon rated at a peak power of 5 kilowatts is 
adequate for all practical installations and per- 
mits the antenna to be as far as 70 feet from the 
transmitter-receiver. In this maximum case, 
slightly more than half the total power is lost in 
the radio-frequency transmission line. 

It should be noted that the beacon requires an 
antenna having an omnidirectional radiation 
pattern in the horizontal plane, and a low-angle 
beam approximately 10 degrees wide in the ver- 
tical plane. Thus, aircraft at large angles of ele- 
vation receive enough stray radiation for correct 
operation, but maximum power is radiated near 
the horizon where it is most needed. The antenna 
should be at least 50 feet (15 meters) above the 
mean elevation and should be connected to the 
equipment by a maximum of 70 feet (21 meters) 
of RG-14/U cable. 

Fig. 5 is a photograph of one of the series of 
antennas* that have been built and operated 
according to this specification. In this installa- 
tion, a single 2-kilowatt beacon is housed in a 
weatherproof case and mounted directly on the 
mast. This reduces the transmission line to about 
15 feet (4.6 meters) and minimizes losses in the 
cable. The experimental 2-kilowatt beacon has 
been used for many flight tests and demonstra- 

5A. G. Kandoian, W. Sichak, and R. A. Felsenheld, 
"High Gain With Discone Antennas," Proceedings of the 
National Electronics ` Conference, Chicago, Illinois, Nov- 


ember 3-5, 1947, pp. 336-346; 1947: and Electrical Communi- 
cation, v. 25, pp. 139-147; June, 1948. 
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tions, and the antenna has been used with a re- 
mote (60 feet, 18 meters) standard beacon for 
many other tests. 


4. Flight Tests 


From June, 1946, to October, 1947, the dis- 
tance-measuring system was subjected to 130 
hours of flight testing and was demonstrated 
on 94 different flights. The majority of the flights 
were made in the. Laboratories’ airplane, a 
Douglas DC-3, but a few were made in an- 
other aircraft of the same type. On many of the 
flights, azimuth-indicating and distance-measur- 
ing equipments were used to illustrate aerial 
navigation by the R-@ system. 

Ground beacon transmitters of three different 
power output capacities have been used. These 
transmitters have been rated at peak-power out- 
puts of 8, 5, and 2 kilowatts. The transmission- 
line losses have reduced the radiated powers to 
approximately 4, 2.5, and 1.7 kilowatts, respec- 
tively. All three transmitters have given equally 
good service out to maximum range. Therefore, 
for radiated powers greater than 1.7 kilowatts, 
the maximum range has been determined by the 
line-of-sight propagation conditions rather than 
the power rating of the beacon. 

The greater part of the flight time was spent 
at distances less than 70 nautical miles (130 
kilometers), for economy and convenience in 
operation of the aircraft. However, many flights 
were made around all beacons to distances be- 
tween 90 and 120 nautical miles (167 and 223 
kilometers), at altitudes near 10,000 feet (3048 
meters). | 

The antenna, the 20-foot (6-meter) mast, and 
the 2-kilowatt beacon are air transportable and 
are easily set up for use. The installation shown 
in Fig. 5 was made at several locations, at dis- 
tances from 8 to 75 miles (15 to 139 kilometers) 
from a more powerful beacon operating on the 
adjacent channel, a separation of 2.375 mega- 
cycles. Operation with either beacon was free of 
interference from the other, even when the air- 
craft was flying in the immediate vicinity of one 
of them. 
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Fig. 5—Omnidirectional horizontal radiation and a 
narrow vertical pattern about 10 degrees wide are obtained 
with this stacked discone antenna. Maximum radiation is 
to the horizon. The air-transportable experimental beacon 
equipment is mounted on the mast to reduce transmission- 
line losses. 
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Aircraft Radio Communication Set A.R.L 5272 


By E. С. FIELDING 
Standard Telephones and Cables, Limited, London, England 


ERY-HIGH-FREQUENCY aircraft 

transmitter-receiver equipment, A.R.I. 

5272, was developed during the war for 

use in naval aircraft, and is noteworthy for the 

economies effected in weight and dimensions rel- 

ative to earlier equipments of comparable per- 

formance. Information is given regarding the 

various techniques and special designs used to 
make these economies possible. 


1. Introduction 


'The A.R.I. 5272 aircraft radio communication 
equipment, shown in Fig. 1, was designed pri- 
marily for use by naval carrier-based aircraft, 
and is constructed in accordance with Air Minis- 
try specifications. It is, therefore, also suitable 
for. civil flying under the most severe climatic 
conditions likely to be encountered, including use 
at altitudes up to 40,000 feet. The rotary trans- 
former is designed for continuous operation in a 
horizontal position but may be used in any other 


attitude for short periods of time. The set is 
suitable for use under tropical and arctic. con- 
ditions. A commercial model, designated the 
S.T.R.-9, has been developed. 

The A.R.I. 5272 set comprises a very-high- 
frequency radio-telephone transmitter-receiver 
built in the form of a single main unit including 
power-supply equipment and voltage stabiliser 
(for valve-heater supplies), and is arranged for 
rapid selection of any one of four channels by 
means of a small remote-control unit located at a 
convenient point in the aircraft. The main unit is 
7.9 inches high by 9.0 inches wide by 16.25 
inches long (20 by 23 by 41 centimetres); the 
dimensions of the remote-control unit are 3.5 by 
2.2 by 2.6 inches (9 by 6 by 7 centimetres); total 
weight is 22 pounds (10 kilograms). 

Receiver and transmitter operate on the same 
channel frequencies and use a common aerial. 
The four crystal-controlled frequencies are in the 
range of 115 to 145 megacycles per second with 
frequency stability within +0.01 per cent. The 
transmitter power output is 3.5 watts. Total 


Fig. 1—A.R.I. 5272 aircraft radio communication set. The control unit is at the right. The battery cable is at the 
left of the main unit, the antenna is central, and the microphone-telephone cable is at the right. 
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power requirements are 
150 and 180 watts at 
26 volts, the lower 
value being for receiver 
operation. The service 
range of the set for air- 
craft at a 10,000-foot 
altitude is approxi- 
mately 200 miles be- 
tween aircraft, and 100 
miles from aircraft to 
ground stations. 

The entire frequency 
range is avallable to 
each of the four chan- 
nels, which can be set 
or reset independently 
of each other. One 
crystal per channel is 
used for both trans- 
mitter and receiver, but 
separate tuning adjust- 
ments are provided. 
During channel-chang- 
ing operations, the 


transmitter and receiver 


tuning circuits are positioned simultaneously, 
the maximum time for this operation being a 
little over 3 seconds. 

When the receiver is operating, the transmitter 
is in the standby condition with valve heaters 
energised; the transmitter is turned on by elec- 
trical switching of high-voltage supplies and an- 
tenna and other connections, all under control of 
the remote operator. Aerial switching is internal 
to the set and is included in the change-over 
mentioned above. 

Gang-tuned circuits are used in the receiver 
and transmitter for simplicity and speed of oper- 
ation. This arrangement has the added advan- 
tage that there is no risk of valves being damaged 
during tuning operations as a result of temporary 
misalignment of the different stages. 

'The electrical circuits are generally of a 
straightforward nature except that certain fre- 
quency-multiplying stages are common to both 
receiver and transmitter, as described later. 

. Valve heaters are wired in a series-parallel net- 
work to minimise the effect of the failure of any 
particular heater on the remainder. 


Fig. 2—Main unit showing arrangement of subsidiary assemblies. The transmitter is 
at the right and the receiver is at the left. The rotary transformer is in the lower left. 


2. General Description 


The main-unit chassis, which may be seen in 
Fig. 2, is fitted with a detachable dust cover and 
is arranged for mounting in a shock-absorbing 
tray. It is designed fundamentally as a mounting 
for the subsidiary units comprising transmitter, 
receiver, intermediate-frequency amplifier, mod- 
ulator, and power-supply unit, together with 
such miscellaneous components as relays, carbon- 
pile voltage regulator, cable form, and channel- 
selection mechanism. All of these subsidiary units 
are detachable, and are connected to the main 
unit by plugs and sockets. The channel-selection 
mechanism and all external connections are acces- 
sible at the front panel, as can be seen from Fig. 
3. As might be expected in a naval airborne 
equipment, the fundamental consideration 
governing the general design, apart from the elec- 
trical requirements, was the necessity of keeping 
weight and size to an absolute minimum, and 
it will be of interest to consider in detail some 
of the means by which the desired results were 
obtained. 


246 


ELECTRICAL COMMUNICATION 


2.1 UNIT CONSTRUCTION 


One important reduction of size and weight 
has been obtained by the adoption of unit con- 
struction. If this had not been done, it would 
have been impracticable either to fit initially or 
to obtain subsequent access to large numbers of 
components that are completely masked by ad- 
jacent units when the chassis is fully equipped, 
and it would not, therefore, have been possible to 
make efficient use of the space within the main 
unit; the set would then have been larger and 
heavier. 

Also, it was known that unit construction 
would greatly facilitate the manufacturing proc- 
esses and enable associated groups of circuits to 
be bench-tested individually before fitting into 
the complete equipment. Similar considerations 
in regard to bench-testing also apply to a large 
extent to maintenance procedures. 


2.2 CHOICE OF MATERIALS 


Wherever possible throughout the equipment, 
aluminium alloys have been used in the construc- 
tion of chassis and mechanisms. Manganese- 
aluminum alloy is employed mainly for chassis 


work; this being a material that, in addition to- 


Fig. 3—Main-unit chassis showing channel-selection 
mechanism. 


being practical from the forming and welding 
viewpoints, also possesses good resistance to cor- 
rosion by sea air. In cases where rigidity and wear 
are the deciding factors, duralumin has been used 
instead of the alternative heavier metals, but the 
latter could not be avoided in some instances for 
electrical or other reasons. 

At the time that the equipment was being de- 
vcloped, the technique of silver-plating alumini- 
um was insufficiently advanced, otherwise fur- 
ther economies could have been made in this 
direction. 

Particular care has been exercised where ma- 
terials and finishes are concerned, to avoid con- 
tacts between dissimilar metals that might lead 
to electrolytic corrosion. 


2.3 MINIATURISATION OF COMPONENTS 


Practically all components and their mount- 
ings—including valves, plugs and sockets, and 
carbon-pile regulator—are of miniature types, 
and this represents a considerable contribution to 
the overall saving in weight and dimensions. 

Although it is not possible to give specific fig- 
ures, it is estimated that the use of miniature com- 
ponents has resulted in a saving of something 
like 50 per cent in weight and possibly more in 
volume relative to non-miniature components. 
In the case of the carbon-pile voltage regulator 
alone, the saving is substantial, relative figures 
being 10 ounces against 32, and 6 cubic inches 
against 26. 

It might be mentioned that miniaturisation 
also introduced certain problems such as con- 
gestion of wiring and. soldering points, which 
called for a considerable amount of ingenuity in 
their solution. 


2.4 MIDGET RELAY 


The midget relay is of unusual interest, having 
been designed to meet the requirement for the 


:smallest relay that would operate a maximum of 


two contacts with complete reliability and a 
standard of mechanical adjustment similar to 
that generally adopted on telephone switching 
systems. The weight of 1.5 ounces (43 grammes) 
and overall dimensions of 1.38 by 1 by 0.63 
inches (3.4 by 2.5 by 1.6 centimetres) are con- 
sidered to be the minimum possible when the 
variations in energising voltage and ambient 
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Fig. 4—Miniature relay that weighs only 1.5 ounces. 


temperatures experienced in aircraft are con- 
sidered. In its ordinary form, it is fitted with two 
sets of armature springs, each fitted with twin 
platinum contacts capable of handling 2 amperes 
continuously, or starting currents up to 10 am- 
peres. For the latter use, a heavy-current holding 
winding is added to the relay to guard against 
contact burning, which might arise from switch- 
ing the relay off whilst the rotary transformer is 
drawing a heavy current during starting. This 
winding holds the contacts closed until the cur- 
rent value falls to a safe figure. 

For heavier duties, up to 100 amperes starting 
current, this type of relay can be fitted with 
single heavy-duty molybdenum-silver contacts. 
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The normal winding dissipation is approxi- 
mately 1.75 watts. Not least of the outstanding 
features of this relay is its satisfactory operation 
under severe vibration conditions, this being 
made possible by its balanced-armature con- 
struction. | 


2.5 STAGES Соммо то Вотн RECEIVER AND 
TRANSMITTER 


In view of the fact that the receiver and trans- 
mitter operate on the same frequencies, and that 
both are never in actual operation simultaneous- 
ly, it was decided to take advantage of these con- 
ditions by making certain oscillator and fre- 
quency-multiplying stages of the receiver serve 
a similar function for the transmitter, .thereby 
simplifying the circuit arrangements and saving 
equipment. 

This feature is evident from the schematic 
diagram of Fig. 5 and enables both receiver and 
transmitter to make use of a single set of four 
crystals, at the expense of a single auxiliary crys- 
tal oscillator in the transmitter. 


2.6 GANGED TUNING CAPACITORS 


Similar tuning capacitors are used with slight 
variations for both transmitter and receiver. 


AUTOMATIC - VOLUME- 
CONTROL AMPLIFIER 


DETECTOR 
AND 
AUTOMATIC-VOLUME~ 

CONTROL DIODE 


SQUELCH 
STAGE 


FREQUENCY Serre Seon MICROPHONE MIGROPHONE 
TRERLER FREQUENCY TREBLER AMPLIFIER INPUT 
TELEPHONE| TELEPHONE 
AMPLIFIER OUTPUT 


BALANCED 
MODULATOR 


Fig. 5—Schematic diagram of equipment. The crystal oscillator and two trebler stages are common to both 
transmitter and receiver as are the microphone and telephone amplifiers. 


248 


ELECTRICAL COMMUNICATION 


——„с—„—6—2ү„ү„+>ө‚өє‚є‚—‚-+;.є——-—.—————Ө——-+——-————————ӨөӨӨӨӨөүКүКбКбг——— c —G 


жү. 
AW n £x ^ 


Fig. 6 —Receiver input unit with 5-gang capacitors detached. The left-hand cable goes 
to the intermediate-frequency amplifier and the antenna input is to the coaxial cable 


connected to the capacitors. 


They were specially designed for the equip- 
ment and, by means of compact design and 
silvered-ceramic technique, it has been possible to 
produce a unit of high electrical efficiency and 
small dimensions and weight, capable of being 
jig-assembled on a production basis. The capa- 
citors are fitted with spring-loaded ball bearings, 
ensuring light action without end play, and are 
flexibly mounted in their respective units to 
avóid physical distortion. Provision is made in 
the design for mounting the tuning coils directly 
on the capacitors, thus ensuring short leads and 
minimum stray capacitances. Trimmer capaci- 
tors and interstage screens are built in, the latter 
being subsequently soldered to form integral 
parts of the associated screens on the unit chassis. 

The complete 5-gang capacitor assembly for 
the receiver is visible in Fig. 6. It is 5.5 inches 
long by 2 inches wide by 1.75 inches deep overall 
(14 by 5 by 4.4 centimetres), and weighs 11 
ounces (312 grammes) complete with trimmers, 
coils, and screens. 


2.7 RoTARY TRANS- 
FORMER 


It was realised early 
in the development, 
that the considerable 
heat dissipation (120 
watts) of the various 
portions of the equip- 
ment within such a 
comparatively small 
unit would inevitably 
require some form of 
forced-draught cooling 
system to prevent ex- 
cessive temperature 
rise, and it was logical 
to make use of the 
rotary transformer of 
the power-supply unit 
to accommodate the 
blower, instead of using 
a separate motor for 
this purpose. 

The presence of the 
blower on the rotary 
transformer naturally 
suggested the possi- 
bility of reducing the 
size and weight of the machine itself by the 
expedient of directing a proportion of the air 
flow through the armature tunnel to cool the 
winding and commutator, thus enabling a small 
machine to be run at an output far in excess of 
its normal rating. Special attention to the design 
of the machine end-frames and to the provision of 
maximum airspace in the tunnel made this a 
practicable proposition, with the result that in- 
stead of using an un-cooled machine 3.25 inches 
in diameter by 8 inches long (8 by 20 centimetres) 
weighing 7.5 pounds (3.4 kilogrammes), it was 
possible to use a machine only 2.875 inches in di- 
ameter and 8 inches long (7 by 20 centimetres) 
(including blower), weighing only 5.75 pounds 
(2.6 kilogrammes). This machine is shown in 
Fig. 7. 


2.8 DRIVE UNIT FOR CHANNEL-CHANGING 
MECHANISM 


In earlier equipments, it has been usual to 
provide a separate electromagnetic or motor- 
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driven source of power 
for operating channel- 
switching or tuning 
mechanisms and these 
have almost invariably 
been both heavy and 
bulky. 

In developing the 
mechanical drive unit 
for the A.R.I. 5272 set, 
a considerable propor- 
tion of the usual bulk 
and weight was elimi- 
nated by making still 
further use of the 
rotary transformer as 
the source of power. A 
small cam is fitted to 
an extension of the 
machine spindle, and 
this operates a ratchet- 


type drive unit fixed 
to the machine end- Fig. 7—Power-supply unit consisting of a rotary transformer mounted on a filter box. 


А The drive mechanism for the channel-selecting switches is at the far end. The air 
frame. The unit, whose blower is at the near end, 


dimensions are 2.875 

inches in diameter by 0.75 inch deep (7.3 by 1.9 
centimetres) over its cover, has a rotational 
stepdown ratio of 480:1 from the machine 
spindle, and a torque output of 1800 gramme- 
inches at approximately 15 revolutions per 
minute, with a total weight of only 4.5 ounces 
(128 grammes). The end of the machine carry- 
ing this mechanism may be seen in Fig. 8. 

Starting and stopping is virtually instantane- 
ous, being controlled by a small electro-magnet 
built into the unit. The design is such that 
no load, either electrical or mechanical, is taken 
by this drive unit except when channel chang- 
ing is in progress, and the load under these con- 
ditions approximates only a 6- or 7-watt input 
to the set. The majority of this load is taken 
directly by the magnet coil, and only the rela- 
tively small remainder represents load on the 
rotary transformer, which is in any case operat- 
ing under light-load conditions during channel- 
changing. 

Stopping accuracy is of the order of 1.5 de- 
grees of rotation of the output shaft, although 
this is actually of no considerable importance, 
since the channel-selection mechanism is de- 
signed to avoid the necessity for accurate Fig. 8—Drive unit for channel selector with cover removed. 
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positioning of the driving shaft. When the drive 
unit is stopped, its output shaft is automatically 
locked to prevent further movement, but a re- 
lease lever is provided so that it may be rotated 
manually for assembly and maintenance. 


3. Detailed Description 


. 3.4 MAIN CHASSIS 


The main chassis is constructed of formed and 
welded aluminium alloy and is fitted with a 
totally enclosing dust cover of the same material. 

Where silver-plated subsidiary units mount 
directly on. the aluminium chassis, tinned sur- 
faces are provided over the contact area to avoid 
undue electrolytic potentials between the metals. 

'The chassis layout accommodates the several 
subsidiary units in convenient relation to one 
another so that all direct interconnections are 
kept to minimum length. For example, the link 
between the common frequency-multiplying 
stages in the receiver and transmitter consists of 
knife contacts on the receiver unit that engage 
directly with clips on the adjacent transmitter 
unit. 

A separate compartment is provided for the 
power-supply unit, with suitably positioned 
holes in the body of the equipment to direct the 


airflow to the hot spots of the set. The air blower. 


fitted to the rotary transformer is capable of cir- 
culating 20 cubic feet (0.57 cubic metre) of air 


per minute through the set with a temperature 
rise between inlet and outlet of only 15 degrees 
centigrade. Further cooling of the set is assisted 
by the use of a matt black finish on valve cans 
and on the dust covers. 

To prevent the access of dust and particles of 
foreign matter to parts of the equipment where 
it might have deleterious effects, air is taken in 
through a Vokes dry-type filter, shown in Fig. 9, 
and is expelled through a similar filter at the out- 
let. These filters are of high efficiency and low 
pressure drop, the design offering a large filtering 
surface permitting low air velocity. Particles of 
dust are not forced into the filter elements but 
rest on the surface, whence the majority are dis- 
lodged by vibration and shaken to a well at the 
bottom. Cleaning involves no more than removal 
of the filters and tapping out of the accumulated 
dust. 

The two filters are fitted in an external com- 
partment at the rear of the chassis dust cover, 
and are accessible for replacement or cleaning by 
removing the detachable lid. The latter is louvred 
for inlet and outlet of the air, and direct circu- 
lation of air between the two sets of louvres is 
minimised by facing them away from one an- 
other. An incidental but nevertheless valuable 
feature associated with the forced-air cooling sys- 
tem is that it promotes rapid drying out of the 
interior of the set after prolonged exposure to 
humidity. 


Fig. 9—Rear view of main unit showing dust cover and air intake filters. 
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3.2 RECEIVER 


The receiver will pro- 
duce an output of not 
less than 20 milliwatts 
into а 50-ohm imped- 
ance with an input of 
10 microvolts, modu- 
lated 30 per cent at 
1000 cycles. The signal- 
to-noise ratio will be at 
least 10 decibels. The 
intermediate-frequency 
amplifier operates at 
9.72 megacycles and 
has a bandwidth of not 
less than +40 kilo- 
cycles at 6 decibels 
down from maximum 
response and not more 
than +140 kilocycles 
at 40 decibels down. 
Suppression of second- 
channel signals by the 
receiver is not less than 
35 decibels. 

An audio-frequency 
output of 150 milli- 
watts will be delivered 
to three pairs of head- 
phones and the equip- 
ment will operate ef- 
fectively into an im- 
pedance between 50 and 150 ohms. The auto- 
matic gain control will limit the rise in output to 
not more than 3 decibels for an increase in input 
of 80 decibels above 10 microvolts. Relative to 
response at 1000 cycles, the audio-frequency out- 
put is between zero and —6 decibels for 300 
cycles and between zero and —8 decibels for 
3000 cycles. 

The electrical circuit of the receiver comprises 
an oscilator and a trebler stage (with funda- 
mental input frequencies controlled by four crys- 
tals), followed by another trebler and a doubler, 
the output of which is passed to a frequency 
changer where it is mixed with the incoming 
signal from a radio-frequency-amplifier stage. 
The resulting signal at 9.72 megacycles is passed 
via a coaxial line to the intermediate-frequency 
amplifier unit, which includes the detector, and 
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Fig. 10—Receiver input circuits with (upper) coaxial cable to 
intermediate-frequency amplifier. 


thence via an audio-frequency amplifier in the 
modulator unit to the telephone output. 

The oscillator and the two trebler stages of the 
receiver are also used to feed the transmitter 
with an input of nine times the crystal frequency. 

The receiver is built in unit form on a silver- 
plated brass chassis, together with all valves and 
other components, including the 5-gang capacitor 
previously described. This capacitor tunes all 
stages simultaneously and has provision for con- 
nection to the channel-selection mechanism by 
means of a flexible coupling. Coil trimming is 
effected by dust-iron cores. These input tuning 
circuits of the receiver are shown in Fig. 10. 


3.3 TRANSMITTER 


The transmitter will deliver 3.5 watts into a 
45-ohm impedance. The carrier may be amplitude 
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Fig. 11—Transmitter. The coaxial cable goes to the antenna change-over relay. 
The 5-gang tuning capacitor is at the bottom. 


modulated up to 100 
per cent. Harmonic 
output will not exceed 
15 per cent for modu- 
lation of. 80 per cent. 
The noise level is at 
least 40 decibels below 
the level corresponding 
to 100-per-cent modu- 
lation. The audio-fre- 
quency response, rela- 
tive to values obtained 
at 1000 cycles, will be 
between —4 and —10 
decibels at 300 cycles 
and between zero. and 
—4 decibels at 3000 
cycles, 

The transmitter may 
be seen in Fig. 11 and 
consists of an auxiliary 
crystal oscillator at half 
the intermediate fre- 
quency (or 4.86 mega- 
cycles), a balanced 
radio-frequency modu- 


Fig. НА Ар ыйы amplifier. The inter-stage coils are in the ана сапѕ 
and the valves аге in Ше cylindrical shields. 
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lator, doubler, amplifier, and power-output 
stages, the latter using a double-tetrode valve. 
Mixing of the input from the second trebler stage 
of the receiver (at 9 times the fundamental 
crystal frequency) with the output from the 
auxiliary crystal oscillator is effected in the 
balanced modulator. 

Output from the doubler stage is band-pass 
coupled to the output amplifier where it is modu- 
lated by the audio-frequency signals received 
from the modulator unit. 

In physical construction, the transmitter is 
generally similar to the receiver, being built in 
the same unit-type construction around a similar 
5-gang tuning capacitor together with all valves, 
coils, screens, trimmer capacitors, test plugs, etc., 
the capacitor again being connected to the chan- 
nel-selection mechanism by a flexible coupling. 


3.4 INTERMEDIATE-FREQUENCY AMPLIFIER 


Three stages of intermediate-frequency ampli- 
fication at 9.72 megacycles are incorporated in 
this unit, using high-slope variable-mu pentodes, 
and these are followed by a diode detector with 
which are associated a squelch stage and an auto- 
matic-volume-control amplifier. The squelch cir- 
cuit feeds an audio-frequency amplifier in the 
modulator unit for the telephone output from the 
equipment, whilst the automatic-volume-control 
amplifier provides a voltage that is applied to the 
Screens of the various intermediate-frequency 
stages. A portion of this voltage is tapped off and 
used to control the radio-frequency-amplifier 
stage in the receiver unit. 

The interstage coils are inductively tuned and 
are provided with convenient trimming devices. 

The intermediate-frequency-amplifier chassis, 
shown in Fig. 12, is of silver-plated brass in the 
form of a shallow inverted box,. with valves, 
screened-coil units, decoupling capacitors, and 
coaxial connectors mounted on top. Other com- 
ponents mount below. 


3.5 MoDULATOR 


This consists of a microphone-amplifier stage, 
a telephone-amplifier stage, and a push-pull am- 
plifier supplying modulation to the transmitter. 
Negative feedback is employed between the tele- 
phone and microphone amplifiers to avoid distor- 
tion and to maintain good regulation. 


Fig. 13—-Modulator. The modulation, driver, and 
microphone transformers are at the rear. 


The chassis is of inverted-box construction in 
aluminium alloy, with valves and transformers 
mounted above the deck and other components 
below. It may be seen in Fig. 13. 


3.6 POWER SUPPLY 


Plate power at 250 volts and grid bias at 50 
volts are generated by a rotary transformer 
mounted on a jack-in-type aluminium-alloy chas- 
sis, which also forms a screened box for fuses and 
input and output electrical filters. The air blower 
incorporated in the machine consists of a bakelite 
centrifugal impcller shrouded by an aluminium 
spinning conforming to the diameter of the ma- 
chine. A rubber gasket is fitted to engage with the 
air inlet of the main-chassis dust cover when the 
power-supply unit is in position. 

The mechanical drive unit at the other end of 
the rotary transformer was also designed to con- 
form to the machine diameter to make a compact 
overall assembly. 


3.7 CHANNEL-SELECTION MECHANISM 


The channel-selection mechanism is construct- 
ed asa self-contained unit fitted externally to the 
front panel of the main chassis. It is connected 
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mechanically to the receiver and transmitter 
tuning-capacitor spindles and to the output 
shaft of the drive unit on the rotary transformer 
by double flexible couplings to allow for misalign- 
ment of shafts. 

Incorporated in the unit, which may be seen in 
Fig. 14, are a mounting for the four crystals and 
a bank of four slide switches, which connect them 
in the circuit as required. 

The essential parts of the mechanism are two 
setting spindles for the receiver and transmitter 
capacitor drives and four spring-returned slides, 
which rotate the setting spindles through the 
medium of cam levers to positions corresponding 
to the channel selected. Operation of the slides 
brings the appropriate crystal into the circuit via 
‘its slide switch at the same time as the capacitor 
spindles are positioned. A camshaft, driven from 
the drive-unit output shaft, operates the slides in 
sequence until the correct slide has been brought 
into use, when the camshaft is automatically 


tripped by the magnet in the drive unit. Position- 
ing of the camshaft is controlled by two switches 
driven by the camshaft itself. The first is of a 
conventional rotary type and is used only to dis- 
criminate between the electrical markings trans- 
mitted from the remote control box for the four 
channels. The second switch comprises snap- 
action contact springs operated by four cam- 
notches in a large-diameter disc on the camshaft. 
These notches correspond to the stopping posi- 
tions of the camshaft for correct operation of the 
four slides and control the drive-unit magnet 
directly. 

Another set of springs actuated by the same 
four cam-notches enables the cam-shaft to be 
driven to a "free" position in which all slides are 
released but can be operated manually for set- 
ting and resetting purposes. 

Further switches are provided on the mecha- 
nism to enable the settings of receiver and trans- 
mitter to be checked by meters. 


Fig. 14—Channel-selection mechanism. The frequency-setting spindles are at the bottom centre, 
and above them are the mountings for the 4 crystals. 
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The mechanism incorporates a compensating 
cam device that smooths out to a large extent the 
fluctuating torque imposed on the camshaft: by 
the spring-loaded operating slides. 

Although the camshaft stops within approxi- 
mately 1.5 degrees of its correct position, the 
need for special accuracy at this point is obviated 
in the design. Furthermore, the use of spring 
loading and vee or diamond bearings eliminates 
setting inaccuracies, which would otherwise occur 
due to manufacturing tolerances in the various 
parts, and enables the ganged tuning capacitors 
to be positioned to an accuracy of 0.125 degree. 

The mechanism is arranged to permit the un- 
locking, resetting, and relocking of the setting- 
spindle positioning for any channel of either re- 
ceiver or transmitter without disturbing the ex- 
isting settings for other channels. 

Duralumin is used for lightness, rigidity, and 
wearing properties in the construction of the 
slides and mounting arrangements. 

A detachable aluminium waterproof cover fits 
over the complete mechanism, with a built-in 
Perspex window over the crystal mounting for 


inspection purposes. When the cover has been 
removed for resetting or similar reasons, any 
switches inadvertently left in the wrong position 
are either automatically restored to normal in 
refitting the cover, or are arranged to foul the 
cover until restored by hand. 


3.8 REMOTE CONTROL 


The remote control unit used with the equip- 
ment is a small bracket-meunted aluminium- 
alloy box fitted with a plug connection for ex- 
ternal cabling and a single switch for turning the 
set on and off and for channel selection. 

This unit was purposely kept as simple and 
small as possible to reduce operating procedure 
to a minimum and to facilitate installation of the 
control unit in the congested cockpits of small 
aircraft. 


3.9 WEIGHTS AND DIMENSIONS 


Table I gives the weights and dimensions of 
the component units of the A.R.I. 5272 set. 


TABLE I 
WEIGHTS AND DIMENSIONS 


Weight Dimensions (Height X Width X Depth) 
Unit 
Pounds-Ounces Kilogrammes Inches Centimetres 

Receiver 1-13 0.8 5.12.0 X6.9 13X5 X18 
Transmitter 2-10 1.2 6.03.25 X8.0 15x8x20 
Intermediate-Frequency Amplifier 1-12 0.8 2.92.9 X 10.75 TXTX2T 
Modulator 1-12 0.8 2.8X3.1X5.7 7X8X14 
Chassis, Including Channel-Change Mecha- 13- 9 6.2 7.9 «9.0 «16.25 20 X23 X41 

nism, Carbon-Pile Regulator and Rotary 

Transformer Н 
Control Box 0— 8 0.2 3.5 X2.2X2.6 9X6X7 
Total, Less Cables 22- 0 10.0 


Survey of the Telephone Transmission-Rating Problem* 


By L. C. POCOCK 
Standard Telephones and Cables, Limited, London, England 


HE QUALITY of service provided by 
a telephone concern is an essential fac- 
tor in its financial economy. In this 
relation, it is necessarily the overall quality as 
experienced by the subscribers. Division into dif- 
ferent aspects such as traffic quality and trans- 
mission quality is arbitrary; each may be sepa- 
rately measured, but for economic balanced 
planning there is need of a combined measure of 
overall quality. The paper deals only with trans- 
mission quality. Planning has, in the past, been 
in terms of circuit attenuation and instrument 
efficiency, with the object of ensuring an ade- 
quate level of received speech, but this concep- 
tion is no longer adequate or economical. 

The direct observation of the number of times 
a subscriber finds it necessary, in a unit time- 
interval, to repeat a word or a sentence is the 
best known indication of transmission quality in 
service; a complete rating system based upon 
such observations} and other considerations has 
been put into operation by the American Tele- 
phone and Telegraph Company. 

In Europe, the repetition-rate criterion of ser- 
vice quality has been accepted, but application 
of the practice presents difficulties. Two plans 
are being investigated: (а) attempts are being 
made to find, under certain restricted conditions, 
a correlation between repetition rate in service 
and laboratory articulation tests; and (b) a pro- 
visional system of rating based on articulation 
tests (without reference to repetition rate) is 
being studied. 

Both plans are described, and possible correla- 
tion procedures are discussed. Reference is 
made to the economy aspect of rating on the 
broader basis of transmission quality, but the 

* Reprinted from Journal of the Institution of Electrical 
Engineers, v. 95, Part III, pp. 253-265; July, 1948. 
` Т One of the difficulties of obtaining repetition-rate data 
is the obligation not to infringe the privacy of subscribers’ 
calls. The existence of two large bodies of employees at the 
Bell Laboratories and in the telephone company’s building, 
with considerable tie-line traffic between them, enables the 
American Telephone and Telegraph Company to make 


observations under substantially service conditions with- 
out tapping subscribers’ lines. 


subject is too large to treat adequately in the 
present paper. 

Brief mention is made of foreign publications. 

Appendices include detailed descriptions of 
the experimental procedure to establish trans- 
mission-service ratings. 

On account of the fluid condition of the subject 
of the paper, standardized terminology is not in 
existence and therefore definitions of the terms 
used are given as a final appendix. 


1. Introduction 


The fundamental economy of industrial con- 
cerns comprises cost of production, quantity of 
production, and selling price. The business of 
providing telephone service rests upon similar 
fundamentals, which may be more appropriately 
described as: 


A. The cost of providing service, expressed as total annual 
charges. 


B. The extent to which the service is utilized, evaluated 
in call units. 


C. The charge made to the user per call unit. 


These three interdependent elements may re- 
strict the activity of the engineer, but he can 
receive no positive help from them until there is 
added a factor directly related to the accounts 
and susceptible to control by engineering design. 

This fourth factor is the quality of the service 
given to the public; it is the touch-stone of the 
engineer’s contribution to the telephone business 
and of the business itself as an alloy of finance 
and engineering. ` 

Fig. 1 illustrates the kind of relation that must 
exist between the four quantities mentioned. 
The fundamental importance of such relations 
is obvious: not only does the measurement of 
service quality become important, but essentially 
the quality must be correctly measured, i.e., in 
terms correlating with the subscriber’s experi- 
ence, because it.is the subscriber's satisfaction 
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with the service that influences the extent to 
which he will use it and pay for it. 


1.1 QUALITY ОЕ SERVICE 


Since it is the purpose of a telephone business 
to provide a satisfactory quality of service at the 
lowest cost, there arises at once the searching 
question, What is a satisfactory service? 

At any given epoch, the quality of the service 
may be improved at a certain increase in cost, 
and it is common experience! that the use of the 
service increases when the service is improved, 
so that increased revenue partly offsetting the 
cost may sometimes be obtained without any 
increase in charge. 

The process of improving the service may be 
continued with or without aleration in charge 
until further improvement would result in re- 


duced use on account of the high charges neces- · 


sary. The quality of service is then theoretically 
the best economically obtainable; other consid- 
erations might, however, dictate a policy of a 
rather lower standard at lower cost. 

According to the principles of cost equilibrium, 
the annual charges will be least for a given 
quality of service when the increase in annual 
charge, due to making a given small improve- 
ment by making changes in any one of the parts 
into which the system may be arbitrarily divided, 
is the same whichever part is selected for ameli- 
oration. From this it follows that the contribution 
of all parts of the system to the overall service 
result is determined by economic principles, 
which enable a choice to be made between the 
various technical alternatives that might be 
proposed to provide the grade of service re- 
quired. It follows that it is necessary to provide 
means to measure the quality of service and to 
evaluate the contribution of each part to the 
quality of service of the whole system. 

It must be remembered that service quality 
thus far discussed is measured by the subscribers' 
appreciation, which is determined not only by 
transmission performance but also, amongst 
other things, by speed, availability, and reliability 
of service, which may be arbitrarily called 
"switching quality." 

If, therefore, a necessary division is made 
between transmission quality and switching 


1 Bibliographical references will be found on page 272. 


quality, there is a need to create a new unit of 
"overall service quality" which will be a function 
of these two components, combining them in 
suitable proportions. For example, the units may 
be so chosen that a unit change in transmission 
quality in service is equal to a unit change of 
switching quality, if both produce the same 
effect on the use of the telephone. It is evident 
that, if the system is to be so planned that there 
is economic balance between the expenditures 
on switching and on transmission with maximum 
overall satisfaction to the subscriber, some such 
relation is required to equate switching and 
transmission quality. 


2. Quality of Transmission 


'The paper is concerned with quality of trans- 
mission, which is the aspect of overall quality of 
service perceived when the quality of switching 
service is disregarded. Transmission quality in 
service is here called "transmission service" and 
its numerical values are called ‘‘transmission- 
service ratings." It will be necessary to consider 
how it is to be assessed (rated) and how the over- 
all rating may be broken down to determine the 
contribution of every part of the circuit to the 
total transmission service. It will facilitate the 
the study, however, to recognize at once that it 


CHARGE/CALL (2) 


UTILIZATION (3) 


ANNUAL CHARGES (1) 


SERVICE QUALITY 


Fig. 1—Fundamental relations. 
(1) = (2) x (3). 


is more difficult to give good quality over a long 
circuit than over a short one, and in general that 
losses in quality or quality impairments relative 
to some standard are contributed by each part 
of a circuit. The study of transmission service is 
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therefore to be conducted by the study of the 
complementary idea of quality impairment in 
service, and it becomes a further object of study 
to express quality impairments in such a way 
that the contributions of the parts of a circuit 
may be added together or combined in some 
simple way to give the quality impairment of the 
whole circuit. 

In the past, transmission circuits have been 
planned to have predetermined overall attenua- 
tion with only qualitative attention given to the 
amount of speech distortion and other factors. 


The planning of circuits on this basis was а tech- © 


nical matter and the technicians concerned could 
be sure that the circuits planned would be satis- 
factory if the subscribers behaved in a prescribed 
manner. Such a system is unsuited to modern 
requirements. First, it is not economical to de- 
sign speech circuits merely to give sufficient loud- 
ness because it is not to the advantage of the 
subscriber and does not tend consistently to- 
wards better transmission quality, nor does it 
provide a required grade of transmission at the 
lowest cost. Secondly, it is just as true for mono- 
poly services or public utilities as for competitive 
industry that sales can be increased by studying 
the consumers’ habits and requirements and a- 
dapting the service or commodity offered to suit 
them. Finally, when the subscribers’ behaviour 
is studied, it is found that it is an important factor 
in the performance of a given physical circuit, 
and that the average behaviour can be shown to 
depend at least in part upon some of the charac- 
teristics of the circuit. W. Н. Martin! has dis- 
cussed in detail the adjustments of behaviour 
that occur in direct and telephone conversations. 
The differences between the two cases arise 
mainly from the differences between the circum- 
stances (e.g., in respect of room noise) of the two 
persons talking by telephone, as opposed to the 
close similarity of circumstances for two persons 
in the same room, and from the ignorance of a 
speaker on the telephone of the surroundings of 
his listener. 

Apart from these facts, which are external to 
the telephone, the artificial sidetone introduced 
by the telephone and the artificial channel of 
communication itself, which may be unequal in 
efficiency in the two directions, produce reactions 
upon the manner of speaking. Some of these re- 
actions may adversely affect transmission quality 
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and it is therefore desirable to eliminate as far as 
possible those causes which give rise to unsuit- 
able reactions, and to utilize as fully as possible 
favorable reactions. 

To sum up, transmission quality in service is 
the transmission data that is relevant to the 
economics of telephony; it is the resultant of 
objective circuit characteristics and subscribers’ 
actions. Subscribers’ actions are, on the aver- 
age, largely determined by the circuit character- 
istics and therefore need not be explicitly known 
if transmission quality is directly measured in 
service; the results thus obtained may be ex- 
pressed as a function of circuit characteristics, 
the subscribers’ reactions to the circuit being 
implicitly included by the measurements. Knowl- 
edge of the subscribers’ contribution to trans- 
mission performance is, however, useful in 
analysing the results of service observations, in 
assisting design to eliminate unfavourable sub- 
scriber reactions, and in leading to better simula- 
tion of direct speech conditions in telephony. 

The study of transmission performance in the 
broad sense of appreciating the quality of trans- 
mission obtained in service, leads to the estab- 
lishment of transmission-service ratings as nu- 
merical values for the impairments contributed 
by parts of a circuit. | 


3. Circuit Design on the Basis оў Transmis- 
sion Service 


3.1 DATA REQUIRED FOR CIRCUIT DESIGN 


The following are the requirements for solving 
the problem of designing circuits on the basis of 
their transmission service: 


A. The complete technical data of each circuit must be 
known, i.e., attenuation, distortion, noise, sidetone, etc., 
must be subjectively or objectively measured. In this way, 
each circuit can be fully specified in terms of a certain 
number of parameters, which are preferably chosen and 
defined in such a way that they are independent of each 
other. 


B. A measurable quantity must be found that is uniquely 
related to the transmission quality impairment as experi- 
enced by subscribers in service. 


C. Using B as a measure and varying in turn each of the 
parameters mentioned in A, relations must be found be- 
tween the transmission quality impairment and different 
values of each circuit parameter. 
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D. Means must exist for combining into one total the 
transmission quality impairments attributed to the values 
of the several parameters. The total result thus obtained 
must agree with the direct assessment of transmission 
quality impairment when a circuit having several param- 
eters different from the normal is used in service and 
measured in terms of the quantity referred to in B. 


E. For the purpose of practical engineering planning, it 
must be possible to assign transmission impairments to 
the separate links of a circuit that may be joined together, 
in such fashion that the total impairment for a circuit 
built up from two or more such links can be determined 
from the impairments assigned to each link. 


The above requirements will now be considered 
in turn. 


3.2 CIRCUIT PARAMETERS 


The circuit parameters required for the objec- 
tive description of a circuit have been chosen by 
the American Telephone and Telegraph Com- 
pany, as follows: 


Attenuation of the circuit. 

Attenuation of the sidetone path for speech at the trans- 
mitting end. 

Attenuation of the sidetone path for noise at the listen- 
ing end. 

Efficiency of the receiving end for line noise. 


Circuit distortion. 
with the additional quantities: 


Amount of line noise. 


Amount of room noise. 


It does not seem possible to choose a better set 
of quantities to describe the characteristics of a 
circuit; all the quantities can be so defined as to 
be independent and each is capable of subjective 
or objective measurement. It should be noticed, 
however, that from the transmission point of 
view practically all these quantities extend over 
the range of transmitted frequency, and when 
they are expressed by a single number, some 
convention or particular application of the meas- 
urement is implied. The tendency is to develop 
as far as possible objective, rather than subjec- 
tive, measurements using frequency weightings 
such that the results agree with subjective mea- 
surements. Such methods save time and are more 
easily repeated. 


3.3 MEASURABLE QUANTITIES THAT CONCERN A 
SUBSCRIBER 


It has been shown that the aspect of trans- 
mission quality that is significant can be observed 
only in service conditions; it is therefore neces- 
sary to look for measurable quantities in which 
the subscriber is concerned. The choice is limited, 
and the following is believed to be a complete list: 


A. Repetition rate. On a monitored circuit, observations 
may be made of the average frequency of occurrence of 
requests for words or sentences to be repeated. 


B. Unfavourable comments. On a monitored circuit, ob- 
servations may be made of the average frequency of occur- 
rence of remarks between subscribers criticizing the quality 
of the transmission. 


С, Transmitter output. Observations can be made at the 
local exchange of the transmission level that, when cor- 
rected for local-line loss, depends on the subscriber's voice 
level and the closeness with which he speaks to the trans- 
mitter. 


D. Average duration of call. A small amount of evidence 
has been obtained showing that when circuit conditions are 
changed the average duration of calls changes (see Section 
10).3 


Of these four manifestations of the subscriber, 
only the first two seem to be simply and un- 
equivocally related to the subscriber’s experience 
of difficulty or dissatisfaction with the circuit 
he is using. Observations of transmitter output 
may provide useful additional data and, in some 
cases, transmitter output reflects the effort the 
subscriber has to make, but it is also known to 
depend on unconscious adjustment of voice level 
depending upon the amount of sidetone and the 
amount of room noise. There is no clear evidence 
at present that subscribers respond to circuit 
defects due to distortion by speaking more loudly 
or closer to the transmitter. 

Observations of average duration of call can 
be very easily made automatically; at present 
insufficient data exist to show whether there is 
a clear relation between this quantity and circuit 
parameters. 

It has been agreed, internationally,’ that ‘‘re- 
petition rate’’ indicates the subscriber’s degree of 
dissatisfaction with a circuit; ‘‘unfavourable com- 
ments” appear to be far less satisfactory because 
they begin to give an indication only when the 
circuit is already bad. 
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Repetition?rate is not an absolute measure, 
but it can be used as a‘criterion of equality by 
adopting the rule that circuits having the same 
repetition rate for a given group of subscribers 
are equal in performance from the subscribers' 
point of view. | 

Repetition rate being adopted of necessity and 
by agreement as the criterion of equal circuit 
performance, a sufficient number of subscriber 
stations must be put under monitored super- 
vision, and repetition-rate counts must be made 
while the different circuit parameters are suc- 
cessively varied from a typical reference value 
over a sufficiently wide range, one at a time. 

From the results, curves can be drawn showing 
repetition rate against variations of each para- 
meter from its reference value. All the curves will 
show the same repetition rate for the reference 
value of each parameter and therefore at any 
other value of repetition rate the corresponding 
values of parameters are equivalent in the sense 
that they produce the same change in repetition 
rate. It is convenient by this process to relate 
parameter values to changes of distortionless at- 
tenuation, which are equivalent in the sense de- 
scribed; these attenuation values in decibels are 
then the transmission impairments brought 
about by the variation from reference value of the 
parameters from which they are derived. By this 
procedure, all impairments are expressed in deci- 
bels and repetition rate is used only as a cri- 
terion of equality (Section 14.1). 


3.4 ASSESSMENT OF THE QUALITY OF A COMPLETE 
CIRCUIT 


When the impairments expressed in decibels 
are known for all practical values of the circuit 
parameters, it is a natural step to add together 
the appropriate impairments for any given com- 
bination of circuit parameters. Such addition can- 
not be pushed too far, but it may be kept within 
reasonable limits by choosing, for reference, 
values in the middle of the field of practical 
variation. . 

The breaking down of the total impairments 
of a complete circuit into impairments assigned 
to each link of the circuit so that the inpairments 
of any such links can subsequently be added to 
give the total impairment of a new circuit, re- 
quires the establishment of a reference circuit. 


Mention has been made above of reference con- 
ditions; the adoption of one particular fully 
specified circuit as a reference circuit provides a 
complete standard of comparison. The results of 
measurements of sidetone, line noise, etc., are ex- 
pressed relative to the values measured in the 
selected reference circuit; similarly the impair- 
ment of, for example, a complete transmitting 
system (telephone set, local line, and cord circuit, 
considered in the talking direction only) is ob- 
served relative to the corresponding part of the 
reference circuit. In effect, any circuit link to 
which an impairment is to be assigned is substi- 
tuted in the reference circuit for the correspond- 
ing link, and the change in circuit performance 
expressed as an equivalent change in reference- 
circuit attenuation is the impairment of the sub- 
stitute part. 

It is an essential requirement that the impair- 
ments assigned to the links of a circuit should add 
up to the impairment of the whole circuit as de- 
termined by direct comparison with the reference 
circuit. 


4. Transmission-Service Rating (U.S.A.) 


The system of transmission-service rating 


` that has been outlined in Section 3 is the system 


devised and put into operation under the name 
of “‘effective transmission rating" by the Ameri- 
can Telephone and Telegraph Company. A more 
detailed account has been published by F. W. 
McKown and J. W. Emling.? 

On the subject of repetition rate, W. H. 
Martin! wrote in 1931: 


“Different degrees of success in carrying on telephone con- 
versation may be taken as being indicated by the number 
of failures to understand the ideas transmitted over the 
telephone and by the amount of effort required on the part 
of the users to impart and receive these ideas. . . . The 
repetitions required in a conversation can be noted but a 
determination of the effort factor presents difficulties." 


Martin also advances the following arguments: 


A. Circuits which show equal repetition rates are likely to 
call for equal effort. 


B. When the effort appears to the subscriber to be ex- 


cessive, his opinion of the service will be adversely affected 
and the “adverse comments" on the transmission, which 
he will make, can be recorded by the observers and used 
to supplement the repetition rate in arriving at a better 
picture of the service. 
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The subject of effective transmission rating 


was developed in further detail by F. W. Mc- 
Kown and J.. W. Emling? in 1933, where the 
authors state: 


“Properly designed, a telephone system should minimize 
to the degree consistent with costs its inherent differences 
from direct conversation, and make it easy for the ordinary 
user to get, without undue effort, results which are satis- 
factory to him in comparison with direct conversation.” 


Attention is directed to these two quotations 
because in concentrating on the repetition-rate 
aspect of effective transmission the subscriber’s 
effort is apt to be overlooked and forgotten. 
It is desirable that data should be collected on 
this subject in so far as it is possible to do so; to 
give a simple example, it should be possible to 
determine whether the subscriber’s voice effort 
on circuits that have such high attenuation as to 
require loud speaking is related to the repetition 
rate and whether there is a tendency to speak 
equally loudly on circuits giving a similar re- 
petition rate when the impairment is mainly 
due to distortion. 


5. Transmission-Service Rating (Countries 


Other Than the U.S.A.) 


It was only after very considerable discussion 
that the Comité Consultatif International Télé- 
phonique placed on record‘ in 1938 the inescap- 
able conclusion that repetition-rate observations 
afford the best known measure of transmission 
performance. 

The spread of the practice of transmission- 
service rating to other countries from the U.S.A. 
has been slow. The reasons for such slow develop- 
ment are associated with the geographical and 
technical magnitude of the task; the extensive 
series of fundamental observations of repetition 
rate made in America is of great value as research 
in fashioning a new tool and indicating the bear- 
ing of circuit conditions on transmission per- 
formance. The actual results are, however, em- 
pirical in character and applicable only to Ameri- 
can sets, plant, and conditions, so that they do 
not provide data directly applicable to other 
countries. Therefore, in every country a similar 
extensive programme of fundamental observa- 
tions would have to be carried out independently. 

This would be for each country a big pro- 
gramme of work involving the installation, super- 


vision, and maintenance of a large number of 
sets with special controllable features, and a very 
long series of repetition observations. In some 
countries, more than one type of set is in use, and 
this would increase proportionaly the pro- 
gramme of work. Such an undertaking might be 
justified by the end in view. The mere accumula- 
tion of data in each country, however, would be 
simple compared with the task of co-ordinating 
the data, which would be possible only by in- 
stalling identical transmission systems in every 
country and making service observations on 
these. 

‘On quite another plane, the large number of 
organizations independently engaged in develop- 
ment work have a natural desire to retain within 
the domain of the laboratory the testing pro- 
cedure and the criteria that determine what is or 
is not a significant impairment in transmission. 
Although two leading countries carried out con- 
siderable experimental work on the observation 
of repetition rate, it was apparent that the full 
programme of work needed was beyond the 
present capacity of the majority of administra- 
tions, and alternative plans were studied for 
achieving the same result by simpler methods. 
The procedure adopted was the outcome of an 
offer of co-operation from the American Tele- 
phone and Telegraph Company. 

It was known that laboratory articulation 
tests, which had long been used for the compara- 
tive study of transmission instruments, did not 
correlate satisfactorily with repetition-rate ob- 
servations; obvious reasons why correlation 
could not be expected were the artificial restric- 
tions placed on articulation tests where fixed 
values of voice intensity and talking distance 
must be adopted in order to give meaning to 
results obtained by a small band of testers. In 
service, on the other hand, very large numbers of 
speakers and listeners are involved ; the voice level 
and talking distance vary over wide ranges and 
are statistically stable, though the mean values 
vary from one set of circuit conditions to another. 

It was suggested, therefore, that correlation 
might be found if articulation scores were com- 
pared with repetition rates, the received loudness 
level in the articulation tests being the same as 
the average received loudness level in service 
when repetition rates were observed. 
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The American Telephone and Telegraph Com- 
pany placed ‘at the disposal of the Comité Con- 
sultatif International Téléphonique some of the 
special sets with controllable features that had 
been used for the fundamental series of repeti- 
tion-rate observations made on calls by em- 
ployees over tie lines between the Bell Telephone 
Laboratories and the American Telephone and 
Telegraph Company building in New York; they 
undertook to supply full information regarding 
room noise, line noise, and average voice-level as 
determined by volume-indicator readings. With 
this information, it was possible for the Comité 
Consultatif International Téléphonique labora- 
tory to make articulation tests under conditions 
closely resembling the average conditions under 
which repetition rates had been observed. 

This programme has been substantially com- 
pleted, but certain details require further study 
and the results cannot be made public until they 
have been carefully analysed; the writer is of the 
opinion that sufficient evidence of correlation 
will be found to justify further study. 

Should a satisfactory measure of correlation be 
found between repetition rate and articulation at 
equal received levels, considerably more work 
will be required before transmission-service 
rating based on articulation results and received- 
level data can be equated to effective rating 
(repetition-rate basis). It will be necessary to 
determine whether the particular correlations 
found for the American sets are valid for dif- 
ferent types of European sets and conditions. 
For this purpose, repetition-rate data will have 
to be determined in two or three European 
countries. Further, it will be necessary to estab- 
lish a considerably higher standard of agreement 
between articulation results obtained оп the 
same circuits in different laboratories than has 
hitherto been attained. 


6. Possible Relations Between Repetition 
Rates and Articulation Tests 


There seems no reason to doubt that articula- 
tion tests and other similar closely allied lab- 
oratory tests, carried out under the usual rec- 
ognized conditions, are a useful measure of the 
inherent capability of the circuit tested to trans- 
mit speech. It is because only a comparatively 
small number of individuals can be used in such 


laboratory tests that the wide range of influence 
on service results exercised by actual subscribers 
must be excluded by substituting controlled 
talking and listening conditions. 

In seeking for a relation between repetition 
rate and articulation percentage, the problem is 
therefore to know and allow for the subscribers' 
behaviour. Suppose that a particular circuit is 
considered which is used by a large number of 
subscribers: some will talk more quietly than 
others or at a greater distance from the trans- 
mitter; some will place the receiver less firmly 
on the ear, or they may have appreciable hearing 
deficiency. The same circuit will therefore be 
used with varying degrees of success by different 
persons. It is not difficult to imagine that some 
users will find the circuit satisfactory with low 
repetition rate, while others will experience a 
substantially higher repetition rate; the repeti- 
tion rate recorded in service observations will be 
a mean value taken over a range of added ‘‘per- 
sonal” impairments, 

The personal.impairment here referred to is 
the sum of the subjective and objective losses for 
which a particular subscriber is responsible by 
his manner of speaking and listening, and it is 
reckoned relative to the mean talking intensity, 
talking distance, and hearing acuity of all the 
subscribers. 

When the same circuit is set up for articulation 
tests in the laboratory, a standardized talking 
intensity and talking distance are adopted. In 
order that the laboratory result may be obtained 
at the same received level as the speech on which 
repetition observations were made, the attenua- 
tion used in the laboratory test must generally 
be varied from the real circuit attenuation to 
allow for the difference between (0) the stand- 
ardized talking level and distance, and (b) the 
average talking level and distance in service; i.e., 
an allowance must be made for the difference in 
the transmitter outputs in the articulation tests 
and in service, the latter being obtainable from 
service observations and dependent. upon the 
circuit parameters and especially the sidetone. 

From various points of view it has been pro- 
posed that articulation scores, obtained over sub- 
stantially longer lines than are used in service, 
should be considered as significant for assessing 
transmission performance. Such a procedure 
leads to correlation being sought with repetition 
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rate, not at the same received level, but with 
articulation observed at a received level lower by 
a constant number of decibels; this may be called 
“correlation with added loss.” 

This idea may be justified by the consideration 
that the members of an articulation team are 
usually selected individuals with good hearing, 
whereas surveys have shown that a certain de- 
ficiency of hearing is widely distributed through- 
out the telephone population. It is therefore rea- 
sonable to add attenuation in the articulation 
tests to represent the average deficiency of hear- 
ing of the population, or, if articulation has been 
studied as a function of circuit attenuation, cor- 
relation may be sought between repetition rate 
and articulation at a received level lower than 
that observed in service by a constant number of 
decibels. | 

Surveys have indicated? a standard deviation 
of hearing loss of at least 8 decibels, and it is sug- 
gested that the "added loss” required for correla- 
tion with repetition rate should be at least twice 
the standard deviation. 

It must be mentioned, however, that insertion 
of added loss in the line is a very imperfect coun- 
terpart of hearing loss, since it attenuates the 
received speech without attenuating the room 
noise heard by the listener; more properly the 
added loss should be introduced in series with 
the telephone receiver, or the room noise should 
be appropriately reduced in intensity. 

While it is undesirable to introduce unneces- 
sary complications, the usefulness of establishing 
correlation between repetition rate and articula- 
tion is so great and the differences between ser- 
vice and laboratory conditions are so consider- 
able that it may be worth while to study a com- 
posite function of articulation which takes these 
differences more explicitly into consideration. 

If a series of articulation tests is made on a 
given circuit producing results illustrated by 
curve (1), Fig. 2(2), and then further tests are 
made under conditions of greater noise, the re- 
sults will be of the kind shown by curve (2). A 
further series of tests on the circuit as first tested 
but with a low-pass filter inserted will give results 
of the kind shown by curve (3). 

If the empirical law N = 50 logis R/ Re, which 
has been quoted as valid for these types of im- 
pairment, holds over a sufficient range, the cor- 
responding repetition-rate curves will present 


the appearance of Fig. 2(b). In these circum- 
stances, consistent correlation between repetition 
rate and articulation, either direct or with added 
loss, cannot be obtained over a range of attenua- 
tion values. 

Since part or most of the subscribers’ contri- 
bution to overall transmission performance is the 
introduction of a range of personal impairments 
over which repetition rate must be averaged, it 
is more likely that the desired correlation will 
be found if articulation is similarly averaged over 
à range of values of attenuation, especially when 
(as in Fig. 2) different kinds of impairment are 
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Fig. 2—Variation with attenuation of (a) articulation errors, 
(b) repetition rate on three different circuits. 


considered. This leads to comparison of repeti- 
tion rate with the weighted average of articula- 
tion taken over the range of personal impair- 
ments. The combination of this process with 
"added loss" is illustrated in Fig. 3, where the 
dotted curve representing the distribution of 
personal impairments may be taken as Gaussian 
with a standard deviation of about 10 decibels.* 


* This value is obtained from a standard deviation of 
6 decibels for observations of transmitter output (Appendix 
14.5) combined with a standard deviation of 8 decibels 
already quoted for hearing loss. 
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The weighted value of articulation errors A is 
the value to be used for attempted correlation 
with repetition rate observed at the average re- 
ceived level x. 

The special significance of this proposal is that 
it takes into consideration the transmission per- 
formance for all the subscribers, as it should do 
in accordance with the economic principles that 
have been stated, and is not confined to observa- 
tions on lines of limiting performance. 


PERCENTAGE 
ARTICULATION ERRORS 


ATTENUATION 


Fig. 3—Illustration of weighted average articulation errors. 
X — x; = Added loss. 
b — a = Range of personal impairments. 


There is still one respect in which articulation 
tests fail to represent service conditions. It is well 
established that there is a considerable loss of 
hearing in the upper frequencies with advancing 
age, and therefore articulation-testing teams 
should be selected to have age distribution 
representative of the telephone public, or pre- 
ferably a range of networks should be used to 
reproduce the appropriate hearing losses at upper 
frequencies. 


7. Transmission-Service Rating by Articu- 
lation Tests 


In view of the long period that must elapse 
before European transmission-service ratings 
uniform with effective ratings can be applied, and 
the urgent need to introduce an improved sys- 
tem of rating at an early date because of the 
large amount of telephone development and re- 
construction work resulting from the war, the 


Comité Consultatif International Téléphonique 
decided’ in 1946 to attempt the development of 
a provisional system of transmission-service rat- 
ing based upon articulation and received level. 
The proposal is an anticipation of the results of 
the study of correlation between repetition rate 
and articulation results, which has been dc- 
scribed, because repetition rate does not enter 
into consideration, and no proof is required that 
the new ratings are intimately in accordance 
with the Comité Consultatif International Télé- 
phonique fundamental declaration of the validity 
of repetition rate for measuring transmission 
quality in service. The introduction of new rat- 
ings on the proposed lines is justified by the con- 
sideration that such ratings must inevitably be 
nearer to the desired results than the volume 
ratings hitherto used. 

The new ratings must, however, fulfil the 
practical requirement that impairments thus de- 
termined for parts of a circuit can be added to- 
gether and give the same total as can be deter- 
mined when the circuit is rated as a whole by the 
same method. 

If a successful correlation can be achieved be- 
tween repetition rates and articulation scores 
at related levels using one of the correlation 
techniques that has been described, the dictum 
“circuits with equal repetition rates are equal in 
effective transmission," will become "circuits 
which have equal articulation (reckoned ac- 
cording to the requirements of the successful 
correlation method) differ in transmission service 
rating only by the amount of any difference be- 
tween the transmitter output in service and the 
transmitter output in the articulation tests." 

In the present circumstances, it is not permis- 
sible to assume that such extensive correlation 
exists over a range of articulation values. A 
simpler and seemingly safer concept has ac- 
cordingly been set up. 

Instead of endeavouring to rate a circuit by 
its average performance for all subscribers, the 
proposal is to rate the circuit by its performance 
under the worst conditions to be encountered in 
reasonable service. This is equivalent to inspec- 
ting a manufactured product to an individual 
minimum requirement, in contrast to using 
quality control as a means of maintaining a 
given standard of production. 
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It has been seen in Section 6 that the nominal 
attenuation of any circuit in service is supple- 
mented by a wide range of positive or negative 
personal impairment. The increase in attenua- 
tion due to the effects of noise, hearing deficiency, 
subscriber’s voice level, and speaking distance 
may amount to 35 decibels or more in extreme 
cases; making conservative assumptions, 25 dec- 
ibels may be taken as a limit exceeded by 2% 
per cent of subscribers. If, therefore, under the 
controlled conditions of laboratory articulation 
tests, additional attenuation, which may be of 
the order of 25 decibels, is added to the circuit, 
articulation measurements should indicate the 
worst results to be experienced among 971 per 
cent of subscribers. It remains to decide on the 
grade of service that should be encountered at 
this limiting condition and specify it as a fixed 
articulation percentage X. Then, any circuit 
that gives the articulation X is, after removal of 
an amount of attenuation equal to the added 
loss, a limit circuit to which an articulation rating 
of a convenient constant number of decibels can 
be assigned. 

This rather cumbersome statement can. be 
made clearer by an example. A commercial trans- 
mitting system can be defined as a battery feed 
circuit, a local line, and a telephone set considered 
in the transmitting direction; a similar system in 
the receiving sense is a commercial receiving 
system. If several different transmitting and 
receiving systems are connected in pairs through 
distortionless attenuation, curves of articulation 
against attenuation can be plotted as in Fig. 4. 
The transmitting and receiving systems repre- 
sented by curves (a) and (ф) may be connected 
through №, decibels and Wẹ decibels, respect- 
ively, before reaching the limiting articulation 
X. Therefore the transmitting and receiving sys- 
tems of (b) are together (N,— №) decibels worse 
than the transmitting and receiving systems 
of (a). 

It must be remembered that all circuits giving 
articulation X are to be regarded, after removal 
of the added loss, as having equal articulation 
equivalents, say No decibels; therefore, if (T + 
R), is written for the articulation equivalent of 
the (a) transmitting and receiving systems, with 


a similar notation for the (6) systems, it is pos- 
sible to write 


(T+ К), + (№. — D) = №, 
(T+ R) + (Ni – І) = №, 


where L is the amount of the added loss. 

The values of (T +. R)., (T + R), obtained 
from these equations are called articulation ref- 
erence equivalents because of the method used 
to determine them; their magnitudes depend 
upon volume loss as well as distortion. The 
volume loss is that of the circuit under the con- 
trolled conditions of articulation testing and 
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Fig. 4—Articulation equivalent. The circuit represented 
by (b) has an articulation equivalent Л, — N» relative to 
the circuit represented by (a). 


therefore the articulation reference equivalents 
have to be adjusted by an amount equal to the 
difference between the transmitter output in the 
articulation tests and in service. When this has 
been done, the adjusted articulation reference 
equivalents become transmission-service ratings. 

The fixed quantities involved in this plan are a 
limiting value of articulation X, a value of added 
loss L, and a convenient number No for the 
limiting rating. It has already been indicated how 
L may be arrived at, and No should be selected 
so that the numerical values representing new 
ratings wil not differ more than is necessary 
from the old volume ratings for the same circuits. 

'The value to be assigned to X should be found 
by articulation tests on commercial types of cir- 
cuit when Г, has been fixed. It is proposed, how- 
ever, that X should be an intermediate quantity 
and not the formal specification of equal articu- 
lation equivalents, because, as is well known, 
articulation values are not absolute and not 
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exactly reproducible. Instead of specifying X, it 
will be better to specify an exact physical circuit 
(articulation reference circuit) so adjusted as to 
give approximately the required articulation; the 
conditions of equality as illustrated in Fig. 4 will 
then be deemed to be satisfied when articulation 
on a tested circuit is equal to the articulation on 
the specified reference circuit. 


8. Articulation Reference System 


There has been in Paris for some 20 years a 
transmission system of known and specified per- 
formance, which has been the central standard 
for the volume ratings hitherto in иѕе, It is con- 
venient to adapt this system for use as the Euro- 
pean articulation reference system. | 

The modifications at present contemplated are 
the introduction of a 300—3400-cycle-per-second 
band-pass filter in the line circuit, and the use 
of a specified amount and kind of room noise at 
the receiving end. In addition, the particular 
adjustment of the circuit loss for which the 
articulation is X has to be specified when .X has 
been determined. 

It is not intended that this articulation refer- 
ence system should be widely duplicated, but 
rather that the one system should be a means of 
co-ordinating in one laboratory the national artic- 
ulation reference systems of all administrations. 

Each administration will choose ordinary tele- 
phone instruments of its own type and will decide 
on typical connection circuits and typical (or 
limiting) local lines. Such an assembly of equip- 
ment constitutes a transmitting or receiving sys- 
tem to which transmitting and receiving articula- 
tion reference equivalents can be assigned by 
comparison with the articulation reference sys- 
tem in Paris. 

For this purpose, a transmitting system to be 
tested replaces the transmitting portion of the 
articulation reference system. A receiving system 
similarly replaces the receiving portion of the 
reference system. One of the first requirements 
that will have to be fulfilled is that the sum of the 
articulation equivalents for the transmitting and 
receiving systems determined separately shall be 
equal to the articulation equivalent determined 
when both are simultaneously substituted for 
the reference terminal systems. 

When a national articulation reference system 
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has been thus calibrated, the administration to 
which it belongs will be able to set it up with the 
appropriate amount of attenuation to reproduce 
the reference condition X, and other arrange- 
ments of local line and connection circuit or other 
sets can be rated by comparison with the national 
articulation reference system in the same manner 
as this itself was rated in Paris. | 

Proceeding on these lines, substituting any. 
equipment to be rated for the corresponding part 
in the national articulation reference system and 
readjusting the attenuation until the articulation 
is the same over the test system as over the un- 
changed reference system, it will be possible to 
build up a complete system of articulation refer- 
ence equivalents for different combinations of 
sets, local lines, connection circuits, and inter- 
office trunks. 

Further steps are necessary before these 
equivalents can be described аз transmission- 
service ratings, which is the form in which they 
are to be used. It is necessary to determine by 
associated laboratory and service observations, 
(a) the loudness of sidetone for various combina- 
tions of local line and inter-office trunk, (b) the 
dependence of the transmitter output in service 
upon the loudness of sidetone, and (c) the aver- 
age room noise in service and its influence on 
transmitter output and received quality if it is 
different from the room noise used with the refer- 
ence articulation system. 

With this information, corrections can be made 
to the articulation equivalents to allow for dif- 
ferences between transmitter outputs in service 
and in the articulation tests, and for differences, 
if any, between the average effects of room noise 
at the listening end in service and in the articula- 
tion tests. The articulation equivalents thus cor- 
rected become transmission-service ratings and 
can be used for planning purposes provided they 
approximately fulfil the requirement that addi- 
tion of the ratings for all the parts of a circuit 
agrees with the rating determined for each cir- 
cuit as a whole. 

In carrying out such a programme as this there 
is, of course, much scope for interpolation of re- 
sults by calculation of relative values of articula- 
tion, attenuation, and sidetone; it is to be ex- 
pected that several subsidiary studies will be 
made in order to perfect or verify such methods. 
It may, for example, prove possible to calculate 
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the differences in volume loss, distortion loss, 
and sidetone attenuation between the national 
articulation reference circuit and other com- 
mercial circuits using the same apparatus, so 
long as the differences are not too great. It will 
be necessary, however, in every case to establish 
the relation between sidetone intensity and 
transmitter output under service conditions. 


8.1 LINE NOISE 


So far, no consideration has been given to line 
noise. As line noise interferes with received speech 
by masking the weaker components, it is akin 
to room noise. The total noise interfering with 
speech is the resultant of the line noise and the 
room noise received by leakage and by sidetone; 
if the line noise and room noise components 
differ by 5 decibels or more the resultant is 
practically equal to the greater. It will be neces- 
sary, therefore, to introduce corrections for line 
noise when it is of the same order as, or greater 
than, the room noise entering the telephone ear. 
From the nature of the case, it is apparent that 
the total noise must be ascertained for the pur- 
pose of assigning noise impairment and that line- 
noise impairment cannot be separately assigned 
as an independent impairment. 

Two courses are possible: either a fixed value 
of line noise must be used in the articulation ref- 
erence system as part of the reference conditions, 
or a separate study of line-noise impairments 
must be made by each administration as part of 
the programme of establishing transmission- 
service ratings. 

The first alternative has not been adopted, 
primarily because it was desired to make the 
Comité Consultatif International Téléphonique 
laboratory tests as simple as possible. The second 
alternative has the advantage that each admin- 
istration will be able to discover the importance 


of line noise in its own system and direct its. 


efforts towards the reduction either of sidetone 
or of line noise according to the indications of the 
results obtained. 

In order that all interfering noise may be ac- 
counted for, line noise must be understood to 
include induced noise of all kinds, switching 
noise, and electrically transmitted noise from 
the far end. 


9. Application of Transmission-Service 


Rating 


'The impairments that must be taken into con- 
sideration in determining the transmission- 
service rating of a circuit are of three principal 


types: 


A. Those directly affecting received level, namely the over- 
all attenuation (or reference equivalent) and the average 
transmitter output determined by the subscriber's reaction 
to sidetone and room noise. 


B. Those affecting the useful received level by masking, 
namely line noise and room noise (direct and via sidetone). 


C. Distortion, namely non-linear and amplitude distortion 
and frequency distortion of apparatus and lines including 
low-pass filters." 


The total effect of these impairments when 
international and national standards of trans- 
mission were fixed on the reference-equivalent 
basis was considerably greater than it is to-day, 
and it is because continued planning on the old 
basis would fail to capitalize these improvements 
that the new conception of rating has developed. 

For example, 25 years ago quite a large number 
of subscribers’ sets were not designed to reduce 
sidetone as much as possible, the transmitter 
and receiver characteristics were less satisfactory 
than is now possible, and many long-distance 
lines had a cut-off about 2600 cycles per second 
or lower compared with 3000 cycles per second 
or higher to-day. 

The reduction of impairments attributable to 
these improvements of the last quarter century 
is not a fixed amount applicable to all cases, 
but as an illustration the following figures are 
typical: 

Reduction of 


Improvement Impairmeni 
in Decibels 
Anti-sidetone circuit: 
Louder speaking by subscriber? 4.0 
Reduced effect of room noise? 2.0 
Better transmitter and receiver frequency. charac- 
teristics 
Cut-off increased from 2600 to 3000 cycles per 
second 


` Total 13.0 


None of these contributions to the transmission 
performance of the circuit would be taken into 
consideration if circuit rating continued on the 
basis of reference equivalents (volume rating). 
The subscriber would of course benefit from the 
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improvements introduced, but sound economic 
planning demands that improvements should not 
automatically and accidentally go to the sub- 
scriber as transmission-service improvement but 
should be properly utilized to give the subscriber 
the benefit of both cost reduction and progressive 
improvement in transmission service. 

Suppose, then, that economic study indicates 
that the 13-decibel reduction of impairment 
ought to be divided as 7.0 decibels improvement 
in transmission service and 6.0 decibels reduction 
of cost. The problem is how to design circuits for 
modern instruments with 6 decibels more: at- 
tenuation than was allowed for the old instru- 
ments, 25 years ago. 

The most economical layout of an exchange 
area network consistent with transmission re- 
quirements is obtained when the smallest prac- 
ticable gauge of cable is used for all lines up to 
the length at which the permissible transmission 
loss for the area is reached; longer lines use the 
the next larger gauge of wire up to its trans- 
mission limit and still longer lines use a still 
larger gauge. In practice many other considera- 
tions interfere with this simple plan, and local 
lines built up with two or more different cable 
gauges are common. In addition, there may be 
limitations imposed on the, maximum. line re- 
sistance by signalling requirements: 

It is evident that in every exchange area there 
are a number of lines that have less than the 
maximum permitted loss. Consequently a re- 
valuation of the permitted loss on the basis of 
transmission performance, allowing an increase 
of attenuation loss in the local lines, will permit 
cable plant economy to be effected only in respect 
of those lines which on the new assessment are 
transferred to the zone covered by a smaller 
gauge of cable. 

In a particular case where the allowed trans- 
mitting loss for the area is 10 decibels on the 
volume basis, an increase in the permitted loss 
to 16 decibels (equivalent to 10 decibels on the 
new basis) would alter the maximum allowable 
length of each gauge of conductor as in Table 1. 

Corresponding data” relating to the instru- 
ments used in this country show a similar tend- 
ency to increased resistance of subscriber's lines, 
and in such cases signalling limits may prevent 
the full realization of transmission gain as cost 
reduction. 


Part or all of the additional loss may, however, 
be taken up in the inter-office lines, more particu- 
larly the loaded lines, because these, having 
practically flat frequency characterisitcs, have 
substantially the same rating on the performance 
basis as on the volume basis. On the other hand, 
non-loaded lines will on the performance basis 
(loss at 1600 cycles per second) be assigned worse 
ratings than on the former basis of loss at 800 
cycles per second, and will therefore absorb some 
of the gain accruing from the lower losses as- 
signed to local lines. In future, loaded lines can 
be run with lighter gauges of cable. If the local 
network and junction lines are in cost equili- 
brium, it is to be expected that the economies to 
be made by the application of transmission- 
service rating should be shared between them, 
but it is also to be expected that the cost-balance 
conditions will be changed because of the ap- 
preciation in performance rating of loaded lines. 

'The application of transmission-service rating 
has been studied in this country for some years; 
the results have been related to a particular sys- 
tem which will no doubt become what has been 
called in this paper a national articulation ref- 
erence system. 

'The methods used and some of the conclusions 
reached have been recently published? and need 
not be reviewed here. In summary, it appears 
that for fully exploiting economies in long-term 
planning, which should result from the intro- 
duction of performance rating, it is desirable to 
do three things: 


A. Eliminate instruments with poor performance, which 
would have disappeared by now, but for the war. 


B. Introduce signalling relays capable of working through 
lines of. higher resistance. 


C. Develop practical methods of jointing cables of smaller 
gauge than 63 pounds. 


TABLE 1 
Volume Rating — 10 db Tue SUE, 
Max. Max. Max. Max. 
С: : Дд 
voice | ДЫ ME CMS | калан 
20 5.4 475 7.6 670 
10 3.6 635 5.4 950 
63 2.6 707 4.0 1090 
4 1.6 700 2.8 1230 
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In other European countries, steps have not 
yet been taken towards the practical introduction 
of performance rating; in new or reconstructed 
areas there will be good opportunities for real- 
izing economy with the new method of rating at 
an earlier date than in old established areas, but 
in general the introduction of the new rating 
method cannot be expected to do more than 
prepare the way for economies which will mature 
in 10 to 15 years. 

In considering the economic gain to be derived 
ultimately by the application of transmission- 
service rating, it is necessary to have a clear con- 
ception of the relation between the two main 
types of impairment, namely distortion impair- 
ments, and attenuation or equivalent impair- 
ments, which in sum may be called gross attenua- 
tion. When circuits are rated by transmission 
performance, reduction of distortion can be off- 
set by increase of permitted attenuation, but 
whereas increase of attenuation always implies 
reduction in cost, reduction of distortion does 
not necessarily increase the cost. Hence, as dis- 
tortion is reduced, the permitted (volume) trans- 
mission loss tends to be increased; as there is a 
practical limit to volume loss, distortion impair- 
ments (ie. the decibel equivalents of given 
distortions) become smaller as the volume-loss 
limit is approached. The economic gain to be 
secured by the introduction of telephone instru- 
ments with less distortion is therefore smaller in 
systems designed for a relatively high toll ter- 
minal loss (volume basis) than in those planned 
for a lower loss. 


10. Other Methods of Assessing Circuits 


Space does not permit discussion of the various 
laboratory methods that are used for estimating 
the transmission quality of communication cir- 
cuits; most of these have been studied with a 
view to their possible use to measure transmission 
performance. 

Apart from various forms of articulation test, 
special interest attaches to ‘‘immediate-apprecia- 
tion tests” introduced by W. Н. Grinsted!^?? in 
1937. In this test, listeners are merely asked to 
report whether they have clearly and immedi- 
ately grasped the meaning of sentences read to 
them; herein seems to be contained the essential 
element that determines whether repetitions will 


be required in service. The test has many advan- 
tages especially as regards simplicity, but there 
are concomitant disadvantages in greater diffi- 
culty of standardizing the procedure. and of uni- 
fying results. | 

Amongst other contributions to the subject 
of quality rating, mention can be made only of 
those not published in English. K. Braun™ has 
deduced, on the assumption that repetition rate 
is intimately related to sentence articulation, that 
small repetition rates are linearly related to 
sound or sentence articulation. He then defines a 
quality loss as AA/A, a fractional loss in sound 
articulation which he finds can be related to a 
real or equivalent attenuation value 5 (nepers) 
by a formula of the type AA/A = exp K(b — р), 
where К is a constant, b is attenuation and p isa 
constant for the circuit, depending upon the 
location along the attenuation axis of the falling 
part of the articulation curve. 

On these foundations it is shown that quality 
losses can be combined as exponential functions 
of the attenuations, a conclusion that is useful 
mainly for indicating that the resultant quality 
loss in a given case is very largely determined 
by the factor individually responsible for the 
greatest loss. 

Braun concludes that variations of line atten- 
uation are so far from being a dominating vari- 
ation in transmission quality that it is question- 
able whether it is justifiable to place such close 
limits on line attenuation as is usual. 

Applying Braun’s conclusion in another way 
it may be concluded, as already remarked, that 
circuits having high attenuation cannot be sub- 
stantially improved in performance by correction 
of distortion. 

A rather different approach to the rating of 
circuits was described in 1942 by Strecker and 
Von Susani,!® who used judgment tests to deter- 
mine the most favourable conditions for com- 
munication circuits. Two teams, each consisting 
of five persons, were used, and each listener was 
asked to adjust the line attenuation of a circuit 
under test (а) to the best value, (6) to give the 
loudest bearable reception, and (c) to give the 
quietest reception that was adequate without 
causing effort to the listener. The results of the 
tests were presented as statistical distribution 
curves, from which, by a sweeping generalization, 
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it was concluded that the best value for the ref- 
erence equivalent of a telephorie circuit was one 
neper and that two nepers should not be ex- 
ceeded. (The maximum value for international 
calls is fixed at present at 4.6 nepers.) The au- 
thors then proceeded to study the effect of noise 
and sidetone on the judgments of quietest ac- 
ceptable reception and found that, by suitably 
choosing the reference condition in each case, the 
impairments due to room noise, line noise, or 


sidetone could be approximately expressed by a. 


common curve corresponding to Table 2, which 
has been compiled from the curves in the origi- 
nal paper. 


TABLE 2 


Room Noise,* К 
Sidetone Levelt or Line Noise} 
in Phons or Decibels 


Impairment 
in Decibels 


* Room noise in phons relative to 40 phons. 

T Sidetone level in decibels relative to a reference equiva- 
lent of 2 nepers (17.4 decibels). 

f Line noise in decibels relative to 1.5 millivolts. 


Such a generalization as this is not unreason- 
able since the impairments concerned are all due 
to noise interference. 

An interesting conclusion reached by Strecker 
and Von Susani is that improvement of the 
frequency characteristic of a telephone set by 
eliminating resonant peaks does not, other 
things being equal, appreciably change the max- 
imum permitted attenuation; it does, however, 
reduce the tolerated minimum attenuation. 

One other suggestion that has been put for- 
ward must be mentioned: in 1938, the German 
administration presented results of simultaneous 
observations of repetition rate and average dura- 
tion of call for varying amounts of circuit at- 
tenuation; they found that as the attenuation 
increased the repetition rate rose and the average 
duration of call decreased. 

The author of the present paper made similar 
observations on factory calls in service and found 
a very regular reduction of call duration with 
decreasing sidetone. The dependence of call dura- 


tion upon circuit conditions is, if it exists, im- 
portant for traffic studies, and because it is easy 
to observe it might be of some assistance for 
transmission-service rating. The reality of the 
effect has yet to be established, the author's.own 
results requiring further confirmation for the 
following reason, which is recorded to illustrate 
the type of pitfall in the path of those who make 
service observations. 

The calls observed were trapped at random 
and put through the experimental equipment 
where the sidetone was adjusted; the subscriber 
therefore had no opportunity of becoming famil- 
iar with the abnormal condition presented, but 
on the contrary noticed when his call had been 
trapped that his set was working abnormally. It 
is thought that the observed reduction of call 
duration might have been due to a high propor- 
tion of calls in which the subscriber considered 
he had “а bad line" and either broke down the 
call to dial again or shortened the call because 
he was too much aware of its abnormality. This 
suspicion is based upon the fact that observa- 
tions at the lowest possible level of sidetone had 
had to be discontinued because of subscribers' 
complaints. | 


11. Conclusion 


The facts and circumstances relating to the 
solution of a problem, which is at present in a 
fluid state, have been presented. In the United 
States, effective ratings have been in use for 15 
years or more; the keystone of the system there 
used is the dictum that circuits which give rise 
to equal repetition rate with the same group of 
subscribers are equal in effective rating. 

In Europe, the keystone has been cut to the 
American pattern but the arch has not been 
built; the principle has been accepted without 
the practice. The reason for this state of affairs 
is the variety of conditions to be found in the 
different countries, making it necessary for each 
country to carry out a very extensive and diffi- 
cult programme of tests; in each country inde- 
pendent data would have to be collected with 
very little mutual assistance from the data of 
another country, and finally the co-ordination of 
all the data into à homogeneous international 
system would be a formidable task, especially 
considering the difficulty of centralizing com- 


TELEPHONE TRANSMISSION RATING 


parative tests under a single authority such as 
the Comité Consultatif International Télépho- 
nique laboratory. 

The American Telephone and Telegraph Com- 
pany are in the happy position of the de- 
signers of a new car who have been able to gauge 
the public requirements by extensive trial sales 
to their employees of cars presenting many dif- 
ferent features. 

Other car designers must proceed without so 
much assurance of success, but they are well 
aware that the consumer public will be their 
judge in the long run and that the sales index 
is the measure of their success in service. How 
then will the designer proceed? He will estimate 
without exact knowledge what the customer re- 
quires, and how the customer will use his ma- 
chine; he will allow margins or factors of safety 
in the components that may receive rough usage; 
he will consider the sales value of different 
features in relation to the cost, and, in general, 
his design tools will be laboratory, engineering, 
and cost data. 

The planner of telephone networks must pro- 
ceed on analogous lines; his transmission-service 
ratings must be based on laboratory data, illumi- 
nated by the knowledge of those factors that 
repetition-rate observations have shown to be 
important, and reasonable margins or factors of 
safety must be allowed in recognition of the im- 
perfection of the methods used. A procedure such 
as this cannot be regarded as the final develop- 
ment of planning methods, because it does not 


give full recognition to the place awarded by the: 


world's technical telephone conscience to repeti- 
tion rate as the best known measure of trans- 
mission service. 

More research is needed; to repeat the funda- 
mental research in each country presents diffi- 
culties and might well be a misdirection of re- 
search effort. Effort directed towards elucidating 
the connections between repetition rate, objec- 
tive design factors, and subscriber behaviour may 
add more to basic knowledge of transmission 
service than can be acquired by repeating the 
initial research in different countries each with 
its appropriate objective circuit elements. The 
former course aims at analysis of a fundamental 
nature, the latter at the piling up of data which 
would be difficult to co-ordinate and which in 
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view of their empirical nature would have to be 
redetermined from time to time. 

Nevertheless, the observation of repetition rate 
is so far the last word in measuring transmission 
quality in service, but, like other primary stand- 
ards, recourse to it will be less frequent as ex- 
perience and knowledge perfect the appropriate 
laboratory techniques and increase confidence 
in the results they yield. It is, however,. im- 
possible to avoid the conclusion that repetition- 
rate observations will have to be made on a 
certain scale in several countries if transmission- 
service rating is to be established on firm founda- 
tions. 

Finally, the author wishes to emphasize the 
view that, in harmony with the economic prin- 
ciples stated at the beginning of the paper, 
it is the quality of the service given to all 
the subscribers that should be measured and 
controlled in the ultimate plan; designing the 
transmission network for the worst condition 
and evaluating performance in this worst condi- 
tion should be regarded as a provisional step. It 
is not unknown for a telephone instrument with 
a peaky characteristic to give better performance 
through high attenuation than an instrument 
with a smoother characteristic which is superior 
on shorter circuits. In general, it is doubtful 
whether transmission-service rating will show ad- 
vantages over volume rating where the system 
has been designed for the greatest possible vol- 
ume loss; it is only when a good grade of service 
in terms of volume rating is given that the eco- 
nomic value of improved quality can become ap- 
parent. Extending the argument, transmission- 
service ratings based on limiting transmission 
conditions are likely to show smaller advantages 
than those which assess the average service given 
to all the subscribers. 

The values of transmission-service ratings will 
always be, not only relative to, but dependent 
upon the reference conditions. 
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14. Áppendices 


14.1 RELATION BETWEEN IMPAIRMENTS AND 
REPETITION RATE 


Let x, у, 2... . be circuit parameters which de- 
fine the transmission properties of a circuit. Let 
R stand for repetition rate, which by hypothesis 
is a function of the circuit parameters. 


R = Е(х,у,2....). (1) 


Proceeding by variation of one variable at a 
time, it is possible to find experimentally 


Р, = F(x,0,20....) = F(x), (2) 
Ry = F(xoy,go....) = Е,(у), (3) 
Р, = Е(хо,уо,®. mE » T Е, (з), (4) 


where x, у, gare variable and measured from fixed 
reference values хо, Уо, Zo. 

If x stands for circuit attenuation, (2) repre- 
sents a graph of repetition rate against attenua- 
tion, which may be used to evaluate as an equiva- 
lent attenuation the impairment due to variation 
of any other parameter from its reference value, 
e.g., the impairment for the value y is the value 
of x in (2) for which №, = №, or if F;! is the- 
inverse function of F, so that F;'(R) = x, the 
impairments I+, I,, I, due to the values x, y, z 
are in decibels: 


I, = x, by definition 
I, = F;'(R) (5) 
I, = F;'(Rj, 


which is a formal statement that J,, for example, 


‘is the number of attenuation units by which хо 


must be changed to produce the same repetition 
rate as is observed when y, is changed to y. 

In order that the impairments thus obtained, 
in decibels, may be useful, they must possess 
additive properties. If xo, yo, zo are changed to 
x, y, z in one circuit so that 


Кы. = F(x,y,2), (6) 
then it is necessary that the relation 
Коуз == „(х + І, + I.) (7) 


shall be satisfied. 

When this relation holds (x + I, + J.) is the 
impairment due to x, y, z relative to the reference 
conditions. 
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14.2 DisTORTION PARAMETER 


In Section 3.1, it has been noted that the cir- 
cuit parameters used to describe the physical 
characteristics of a circuit should be so defined 
that they are independent of each other. No 
difficulty occurs in defining and measuring the 
first four parameters listed in Section 3.2, but 
distortion is in a different class. It is necessary to 
include in this one parameter the effects of am- 
plitude and non-linear distortion, for which no 
appropriate objective measurements have yet 
been found, as well as frequency distortion, which 
presents difficulties in objective measurement, 
and which when so measured is not expressed as 
a significant single figure. 

'The natural course is to seek a statement of 
distortion in terms of articulation, but articula- 
tion is considerably affected by received level and 
noise so that it requires a special definition to 
secure independence of the other parameters. 

Such a definition can be made (at least in 
principle) if the distortion of a circuit is defined 
as the articulation measured when all the other 
parameters of the circuit have fixed reference 
values and the speaking level is standardized at 
the level appropriate to such a circuit. As a 
consequence of this definition, circuits which give 
the same articulation under these special condi- 
tions have the same distortion factors.? 

Let D be the value of the distortion parameter 
for a circuit, and let Do be the reference value; 
let x and хо stand for variable and reference 
values of attenuation with the notation of Sec- 
tion 14.1, omitting explicit reference to para- 
meters other than x and D, which are to be held 
at their reference values 


Ra = Е(хо, D). (8) 
'The impairment equivalent to D is 
I; = Fy (Ra) (9) 
or 14 = x, when F(x, Do) = F(xo, D). 
This provides the data for fixing the impair- 


ments to be ascribed to different values of dis- 
tortion studied by repetition-rate counts. 


14.3 CALIBRATION OF A NATIONAL ARTICULA- 
TION REFERENCE SYSTEM UNDER THE IN- 
TERIM PLAN 


When the master articulation reference system 
has been fully defined, it will consist of a trans- 
mitting system, a fixed distortionless line with 
specified attenuation (with filter) and a receiving 
system. At the transmitting end, voice level and 
talking distance will be specified; at the receiving 
end, room noise will be specified. 

In order to retain appropriate numerical con- 
tinuity with reference equivalents (volume rat- 
ings) used in the past, numerical values of articu- 
lation reference equivalent (not necessarily zero) 
will be attributed to the transmitting and re- 
ceiving ends of the articulation reference system, 
and an overall articulation equivalent in decibels 
will be assigned to the whole system.* 

Thus there will be values of reference fixed as 
follows: 


Т, = convenient figure attributed to the trans- 
mitting system of the European articu- 
lation reference system and chosen so 
that transmitting-service ratings of com- 
mercial systems are comparable-in mag- 
nitude with their reference equivalents. 

Ry = convenient figure attributed to the receiv- 
ing system of the European articulation 
reference system chosen on the same 
grounds as То mutatis mutandis. 


Na = convenient figure for the articulation 
equivalent of the European articulation 
reference system such that transmission- 
service ratings of existing systems are 
comparable in magnitude with reference 
equivalents. 


Careful choice of references as described seems 
absolutely essential especially during the period 
(necessarily rather long) in which the old system 
of ratings is in use simultaneously with the new 
system. 

There will also be fixed a certain amount of at- 
tenuation for the line of the European articula- 
tion reference system; this will be denoted by Nx, 

* It is important to decide which particular transmission 
system shall have the same numerical value of transmis- 


sion-service rating as its volume rating or reference equiva- 
lent. 
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and, since the basis of 
articulation equiva- 
lents is the ‘added 
loss" method, it will 
include an amount of 
attenuation L for this 
loss. Then, 


To + (Ni — L) 
+ Ro = No. (10) 


The set-up for the 
calibration of a national 
‘transmitting system is 
shown schematically in 
Fig. 5. 

The value of (Ny — 
L) is to be determined 
by trial so that the 
articulation is the same 
over the two circuits. 
Then the national ar- 
ticulation reference 
transmitting system is 
worse than the Eu- 
ropean articulation 
reference transmitting 
system by (NV; — Nw) 
decibels, and is to be 
assigned the articula- 
tion equivalent 


Тұ = To + №, — Ny. 
(11) 


The arrangements 
for calibrating a na- 
tional receiving system 
and for making the 
overall check are shown 
in Figs. 6 and 7, it 
being understood that 
Nx and Ny’, respec- 
tively, are adjusted 
until the articulation 
is the same on the two 
systems compared. 

The articulation 
equivalent of the na- 
tional articulation 
reference receiving 


EUROPEAN ARTICULATION REFERENCE SYSTEM ——————————————* 


FILTER 
300-3400 
CYCLES 


Fig. 5—Calibration of a national articulation reference transmitting system. 
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Fig. 6— Calibration of a national articulation reference receiving system. 
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Fig. 7—Adjustment of complete national articulation reference system. 


TELEPHONE TRANSMISSION RATING 


275 


Б ————— л 


system is 


Ry = Ry + Ni — №, (12) 


The articulation equivalent of the national 
articulation reference system (combined trans- 
mitting and receiving system) is 


Ty + Ry = No — (NN. — L) (13) 
or, by direct addition of (11) and (12), 


From (13) and (14), substituting for Ne from (10), 


Ny = Ny + NN — М}, (15) 


which condition must be satisfied if addition of 

the articulation reference equivalents of trans- 

mitting and receiving systems is to be valid. 
The fixed amount of attenuation to be used as 


the line of the national articulation reference sys-' 


tem when set up for use is, of course, NN. 

If (15) is not satisfied, better agreement must 
be sought by using a different reference adjust- 
ment of the articulation reference system, or a 
more complicated criterion of equality such as 
equal average articulation over a range of attenu- 
ations with or without weightings. 


14.4 DETERMINATION OF TRANSMISSION-SERVICE 
RATINGS UNDER THE INTERIM PLAN 


When a national articulation reference system 
has been calibrated in accordance with Section 
14.3, it can be used to evaluate the articulation 
reference equivalents of other transmitting and 
receiving systems, in which different lengths or 
gauges of local lines are used. For this purpose 
the national system is set up and the system to be 
tested is compared with it in the same way as 
the national system was compared with the Euro- 
pean articulation reference system. The appro- 
priate values Ty and Ry are, of course, used in- 
stead of the articulation equivalents To and Ro 
of the European reference system. 

For purely national purposes the amount of 
work to be done will be reduced by two-thirds 
if planning is done on the T + R basis, i.e., the 
sum of the transmitting and receiving impair- 
ments is determined without evaluating them 
separately. In this case, the requirement of (15) 
will not arise, though it should nevertheless be 
met. For this procedure the only tests required 


are those analogous to Fig. 7. For international 
purposes, when the sets at the two ends are dif- 
ferent, the necessity to determine Ty and Ry 
separately remains. 

When the articulation equivalents have been 
determined for the local lines and gauges that 
are of interest, they have to be adjusted to trans- 
mission-service ratings by taking into considera- 
tion the differences between the articulation test- 
ing conditions and average service conditions. 

The main considerations are sidetone and 
transmitter output. The national articulation 
reference system has necessarily some particular 
amount of sidetone which can be taken as the 
national reference sidetone. As the local line is 
varied, or the junction line-impedance is varied, 
the sidetone will change. It is necessary to estab- 
lish by voice test or calculation, or by a mixture 
of both, how the attenuation of the sidetone path 
for speech changes from the reference sidetone 
value as the local line and trunk change. It is also 
necessary to determine, preferably by observa- 
tions in service, the actual voice intensity at the 
transmitter for different amounts of sidetone at- 
tenuation, so that a curve can be drawn for voice 
level at the transmitter against sidetone attenua- 
tion relative to reference sidetone; the origin of 
the voice-level ordinates should be the value used 
in the national reference system under the condi- 
tions of articulation testing. 

When this curve has been constructed, the 
transmitting articulation equivalent for any par- 
ticular local line must be adjusted by the amount 
of the ordinate of the curve corresponding to the 
relative sidetone attenuation for that particular 
local line. When this has been done, the result 
becomes a transmitting-service rating. 

Receiving articulation equivalents obtained by 
the procedure described will include the impair- 
ment due to reference room noise acting through 
the direct and sidetone paths, for the value of 
sidetone appropriate to a 600-ohm inter-office 
trunk. For other kinds of trunk and other values 
of room noise, the sidetone and the room-noisc 
impairment will be different and appropriate cor- 
rections will be required. 

When necessary, additional impairments due 
to line noise must be taken into consideration. 

To complete the system of transmission-service 
ratings, it is necessary to have ratings for the 
different types of junction line. 
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Ratings can be found by substitution in the 
national articulation reference system, but the 
changes in reflection coefficients thus introduced 
make this a matter of some difficulty; however, 
studies already made indicate that the impair- 
ment per mile of junction can be evaluated as 
the attenuation per mile measured at a particular 
frequency in the neighbourhood of 1600 cycles 
per second. Reflection and interaction impair- 
ments can also be determined in theory by tests 
in the articulation reference system, but it is 
probably a sufficiently good approximation to 
treat these as purely volume losses, their values 
generally being of the order 1—3 decibels. 

The effect of the junction impedance on side- 
tone, and hence on talking level and room-noise 
impairment, cannot be neglected, and must be 
taken into consideration as described above. 


14.5 FIELD Data RELEVANT TO TRANSMISSION- 
SERVICE RATING 


14.5.1 Variation of Transmitter Output for a 
Large Number of Subscribers 


A series of observations was made in Bucharest 
on lines connected to public call boxes (see Table 
3). Volume indicators were connected at the ex- 
change end of the lines and additional lengths of 
cable were connected as required. 

Another series of observations (see Table 4) 
was made on calls at Standard Telephones and 
Cables, Limited, at New Southgate, where the 
local lines were not altered but a range of varia- 
tion of sidetone was secured by alteration of 
transmitter current and terminal impedance, 
with compensating amplification to avoid altera- 
tion of the transmission equivalent. 

About 600 calls were observed for each con- 
dition. 

Tables 3 and 4 both show that the spread of 
transmitter outputs or personal impairments at 
the transmitting end is not constant but tends 
to diminish, in the first case as the local line 
lengthens, in the second case as sidetone dimin- 
ishes. As lengthening of the local line causes re- 
duction of transmitter current and sidetone, the 
direct controlling cause may be the amount of 
sidetone 


14.5.2 Speech Intensity at the Transmitter in Re- 
lation to Sidetone 


The second series of observations, shown in 
Table 4, was made for the purpose of relating 
sidetone to speech intensity at the transmitter. 


-Average readings of the volume indicator for 


~2 


AVERAGE TRANSMITTER OUTPUT IN DECIBELS 
t 
= 


ie} 5 7 10 15 20 25 
REFERENCE EQUIVALENT OF SIDETONE IN DECIBELS 


Fig. 8—Dependence of voice intensity upon sidetone. 


TABLE 3 
‘Standard 
Added Local Ё А Deviation of 
аро nd Cable Observations Indicator Skewness 
in Kilometers Readings 
in Decibels 
0 4000 7.96 — 0.384 
1 7200 7.56 —0.236 
2 3200 7.45 —0.157 
4 8000 6.77 —0.146 
5 8000 6.47 —0.16 
TABLE 4 
Approximate | pevintion of 
aca of Volume: Sk Type of 
A : Indicator CWHESS Connection 
Sidetone in Readings 
Decibels in Decibels 
6.6 6.70 —0.28 Tie Line 
6.6 5.56 —0.18 Internal 
9.1 5.80 —0.05 Tie Line 
11.2 5.16 +0.14 Tie Line 
11.2 5.12 —0.29 Internal 
18.5 4.56 +0.02 Internal 
20.7 5.60 +0.06 Tie Line 
20.7 4.66 —0.08 Internal 
23.8 4.35 —0.13 Internal 
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each line condition were compared with the read- 
ing obtained for a standard speech intensity at a 
fixed distance. The results are plotted in Fig. 8. 

It should be noted that the results in this 
Section are for the purpose of illustration, parti- 
cularly of the range and variation in range of 
personal impairment. The telephone sets used 
were not the standard sets used in Great Britain. 


14.6 ABBREVIATIONS, TERMS, AND DEFINITIONS 


A. C.C.LF.—the consulting international organization 
concerned with all aspects of international telephony. 


B. A.T.&T.—the American Telephone and Telegraph 
Company, incorporating the Bell Telephone Laboratories. 


C. A.E.N. in C.C.L.F. documents—see Н. 


D. Transmission performance—a general term for the 
degree of satisfaction with which a circuit fulfils its trans- 
mission function in service. 


E. Effective transmission—transmission performance when 
considered in connection with repetition rate as the cri- 
terion. 


F. Effective transmission rating—a numerical assessment 
(in decibels) of effective transmission, derived through the 
application of the criterion that circuits with equal repeti- 
tion rate have equal effective transmission. 


G. Transmission-service rating—a numerical assessment 
of transmission performance derived in any way understood 
or described. 

(In earlier publications transmission service (rating) has 
been called effective transmission (rating); it has been 
decided by the Comité Consultatif International Télé- 
phonique (in 1946) that the term “effective transmission” 
should be reserved for use as defined in E and F.) 


H. Articulation reference equivalent (French A.E.N.— 
affaiblissement équivalent de la point de vue de la neiteté) of 
a transmitting or receiving system or both together, is the 
difference between the attenuation of the line of the Euro- 
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pean or a national reference system, and the line of the 
system tested when both systems have the same specified 
articulation X. 

(A distinction has been arbitrarily made between “equiv- 
alent” and "rating," the former is used in connection with 
laboratory articulation tests and the latter for final values 
to be used in planning as representative of service results.) 


I. European articulation reference system—The European 
reference system modified by the inclusion of a 300—3400- 
cycle-per-second filter, and with room noise at the receiving 
end and a fixed specified attenuation in the line; used to 
determine the articulation reference equivalents of national 
articulation reference systems. 


J. National articulation reference systems—commercial 
transmitting and receiving systems completed by a line 
containing a 300-3400-cycle-per-second cut-off filter and 
distortionless attenuation of such an amount that the 
articulation of the system is the same as that of the Euro- 
pean articulation reference system. 


К. Articulation reference value (Ж in the text)—the par- 
ticular articulation value observed on the European articu- 
lation reference system or on a national articulation refer- 
ence system; see H. 


L. Transmitter output—used in the paper to express rela- 
tive values of the subscriber’s speech intensity at the 
transmitter, depending on his speaking intensity and the 
distance between his mouth and the transmitter; where 
necessary it is to be understood that corrections have been 
applied to eliminate the influence on the actual trans- 
mitter output of feeding current and line loss. 

(Under service conditions "transmitter output” can be 
observed; the subscriber's voice intensity and speaking 
distance cannot be observed.) 


M. Repetition rate—in principle, the average number of 
repetitions of words or phrases asked for in 100 seconds of 
actual conversation time; it is calculated from the total 
number of repetitions and the total time observed over a 
large number of calls. A more precise definition includes 
the detailed instruction given to observers as to what is a 
repetition and how the conversations are timed. Adverse 
comments are similarly counted per 100 seconds of conver- 
sation. 


Position-Finding by Radio: First Thoughts on the 
Classification of Systems" 


By C. E. STRONG 
Standard. Telephones and. Cables, Limited, London, England 


WISH, first, to thank you very much in- 

deed for the honour you have done me in 

electing me as your Chairman for this com- 
ing session. It is a great privilege to be the Chair- 
man of the Radio Section, and certainly I shall 
be proud and happy to serve the Section to the 
best of my ability. 

During the last two sessions, under the able 
guidance of the retiring Chairman, Professor 
Willis Jackson, and his predecessor, Mr. 
Mumford, we completed the task of committing 
to record the great store of new knowledge and 
technique which was an outcome of the war 
effort. That record is now in the pages of the 
Journal; it is not only a record of great scientific 
and engineering achievements, but also, we may 
well say, a monument to the skill and persever- 
ance of many workers in the radio field. 

In particular, we see how outstanding were the 
contributions made by the physicists, the mathe- 
maticians, and the chemists, who, coming in 
newly from other fields of work, applied them- 
selves to our subject during the war. They 
brought in a fresh outlook and the latest scien- 
tific knowledge, and certainly also they made 
their mark in judgment and leadership. Being 
myself an engineer, it is not inappropriate for 
me, I think, to speak of the vitalizing effect of the 
new blood they introduced and to pay a high 
tribute to their valuable and important work. 

The most spectacular achievements were in the 
fields of radar and radio aids to navigation, or, 
perhaps I should say more generally, in the 
whole art of position determination by radio. 
Here the widest new vistas were opened up and 
the most alluring prospects for the future were 
revealed. It remains to us now to apply this new 
knowledge to the needs of the day, and certainly 
it is a task to inspire interest and to fire enthusi- 
asm. 

* Chairman's address to the Radio Section, Institution 
of Electrical Engineers, London, October 15, 1947. Re- 


printed from Journal of the Institution of Electrical Engi- 
neers, v. 95, Part I, pp. 31—35; January, 1948. 


But first, I believe that, to facilitate the or- 
derly application of this knowledge, there is a 
need for us to rearrange our material and perhaps 
to overhaul our terminology. The art has moved 
so fast that we are almost overwhelmed by the 
flood of systems, and there has been little chance 
to sort them out in an orderly fashion and to see 
them in their proper relationships one to another. 
Some of the newer methods appear more funda- 
mental than those with which we have previously 
been familiar, and that would seem to require 
some readjustment of our past ideas. 

Now, however, with the completion of the 
record of war-time activity, to which 1 have just 
referred, we have the opportunity to stand back 
and survey the entire scene so that things may be 
viewed in their true perspective. 

If, as a result, it appears that, in order to blend 
the new systems with the old, we shall require a 
new pattern of classification and some new terms, 
that will, of course, be a matter for consideration 
and agreement. It could not be carried far in an 
address such as this, yet it has seemed to me that 
I might venture to go a little way in that di- 
rection on a sort of preliminary reconnaissance. 

I propose, therefore, to glance over the field of 
position determination by radio to obtain a first 
impression as to how systems are related to each 
other and, having in mind the table of classi- 
fication given by Whelpton and Redgment in 
their paper at the Radiocommunication Con- 
vention, to consider some of the factors by which 
systems are distinguished. 

First I will ask, What is the status of this art 
of position determination, or whatever it should 
be called, in relation to radio generally? Is it a 
part of radio or is it something different? Is it 
proper to use an expression such as “radio and 
radar devices," or would that suggest confusion 
of thought between the particular and the gener- 
al? It is certainly a matter of the transmission of 
intelligence by radiation, and surely therefore it 
is a branch of radio. It involves techniques very 
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similar to those employed in radiocommunication 
but it differs from communication in that the 
intelligence conveyed is restricted to geometrical 
information in contrast to the unlimited scope of 
intelligence conveyed in communication. It ap- 
pears, indeed, to be on a par with communication 
as a main branch of the tree of which radio is the 
root and trunk. If that is so, what should it be 
called? The name must cover the whole field of 
direction and range determination. It must em- 
brace direction-finding and radar, and much else. 
We speak of ‘‘radio aids to navigation,” but that 
is cumbersome and not sufficiently general. I be- 
lieve the title ‘“‘radiolocation’” would be ideal, 
though it has been used before in a different sense 
and it is perhaps somewhat awkward to borrow 
a term with such important historical associa- 
tions. But it would be hard to find a name which 
could more aptly be applied as the comprehen- 
sive term to cover the whole of the field. The 
main branches of radio would then be radio- 
communication and radiolocation, and we could 
speak of systems as communication systems or 
location systems. 

Accepting that for the time being, how should 
we proceed to divide up radiolocation itself? In 
view of the rapid development which has taken 
place, existing divisions are inadequate or ill- 
defined. Thus, while we have the term "'direction- 
finding” to define parts of the field concerned 
with reception, we have no equivalent term to 
denote the process of transmitting azimuth in- 
formation by means of appropriate beacon sys- 
tems; and, while we make common use of the title 
“radar,” its present meaning is far from clear. 
There is a lack, I think, of general terms to de- 
fine main sections of the field, and in consequence 
we are often obliged to describe the general in 
terms of the particular by means of the code 
names of specific systems. There appears to be a 
need to examine the subject anew, starting from 
the firm ground of the common basic principles. 

It might be well to look first to see if there is 
any lead to be obtained from what has occurred 
in the communication field. Here the first division 
is on the basis of purpose of application. We have 
telegraphy, telephony, broadcasting, television, 
and so on. Thereafter there can be further classi- 
fication by the principal technical methods em- 
ployed, such as modulation, whether variable- 
amplitude or constant-amplitude, or channel sep- 
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aration, whether by frequency separation or by 
time-sharing. But the various technical methods 
are common to the several functional categories, 
and so the division by function had to come first. 
The same will apply, I think, in radiolocation, 
and before drawing distinctions by technique we 
should first achieve some segregation of systems 
on a broader basis. It is more important, for in- 
stance, to see Gee and Decca first as closely re- 
lated by function before dismissing them into 
widely separated camps because one is pulse 
technique and the other continuous-wave tech- 
nique. 

To make a start, we must go back to first prin- 
ciples and work from the general towards the 
more particular. The A.B.C. of the whole art is 
that by measuring the difference of the distances 
of an object from two fixed points we can. find 
that the object is situated on a particular hyper- 
bola, that being a locus of points of constant 
difference of distance from the fixed points: and 
by measuring the sum of the distances from the 
fixed points we can state that the object lies on a 
particular ellipse, being a locus of constant sum 
of the distances. In the first way I would say, 
taking some liberties with words, we obtain an 
idea of sideways displacement or direction and in 
the second an idea of outwards displacement or 
range. A single system of two spaced elements, 
with provision for measuring both the sum and 
the difference of the distances, could yield a fix 
by intersection of the hyperbolic and elliptic 
loci. 

The distance relationships have, of course, to 
be found in terms of time of wave propagation. 
Let A and B (Fig. 1) be our two fixed points and 
C the mobile object. Then first, if we suppose 
there is a master transmitter at A, a repeater or 
slave transmitter at B and a receiver at C, by 
observing at C the difference in the arrival times 
of signals transmitted over the paths AC and 
ABC, and knowing the delay in AB, we can ob- 
tain the difference of the distances AC and BC 
and hence derive knowledge of the hyperbolic 
position line of C. This, of course, is the basis of 
such direction-giving systems as Gee and Decca. 
We could also reverse the process and transmit 
from the mobile C and have repeat and master 
receivers at B and A, respectively, so obtaining 
a hyperbolic direction-finding system as distinct 
from a direction-giving system. 
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Secondly, suppose we had a transmitter at A, 
a repeater at B, another repeater at C and a re- 
ceiver at A; we could then measure at A the total 
propagation time round the loop AB, BC, CA, 
and knowing the delay AB, derive the sum of the 


Fig. 1—Basic principles of radiolocation. (Left) Meas- 
urement of the differences of the distances AC and BC 
determines the hyperbolic position line of C. This is the 
general case of “direction” determination. (Right) Meas- 
urement of the sum of the distances AC and BC determines 
the elliptic position line of C. This is the general case of 
“range” determination. 


transit times of the paths BC and CA, so finding 
the elliptic position line, or locus of constant 
time sums, on which C lies. 

These, as I see it, are the fundamental prin- 
ciples of radiolocation on which the whole art is 
based. They are not peculiar to hyperbolic and 
elliptic systems, as, in the special cases arising 
when the separation between the fixed points is 
small compared with the distance of the mobile 
object, they apply also to the classical direction- 
finding systems and beacon systems and to the 
usual methods of range measurements. Thus in 
elliptic systems, as the spacing is reduced the 
ellipses merge into circles, and when A and B 
coincide (Fig. 2) we have the normal conditions 
of range measurement when the distance meas- 
ured is AC 4- CA, which is twice the range; and 
in hyperbolic systems, as the spacing is reduced 
the loci of constant difference of distance merge 
into straight radial lines. 

The point I am making, therefore, is that all 
radiolocation systems are either hyperbolic or 
elliptic position-line systems, these including ra- 
dial and circular position-line systems as special 
cases. The hyperbolic and radial systems are 
concerned with direction in a manner of speaking, 
and the elliptic and circular systems with 
"range." 


From this it appears that the first division of 
radiolocation might be into two parts (Fig. 3), 
including.on the one hand all time-sum methods 
giving "range," and on the other hand all time- 
difference methods giving "direction." If so, we 
should require eventually to coin new terms to 
denote these two main divisions of application, 
*X-dar" and “Y-dar,” so to speak. For the pre- 
sent I shall refer to them by the terms ‘‘direction 
determination" and "range determination." 
These two categories would together cover the 
whole of the field, and subsequent steps would be 
a matter of further division within these cate- 
gories. 

Pursuing that, we must evidently provide, in 
the category of ''direction determination," for 
transmitting and receiving systems. In general, 
the main methods can be applied in either way. 
Thus the Adcock direction-finding system has a 
transmitting counterpart in the omni-range 
beacon system; and, as has been mentioned, the 
principle of Gee could be applied to reception as 
well as to transmission. For the present, I shall 
use the terms ''direction-giving'" and ''direction- 
finding” to denote these two functional divisions. 
The former would include Gee, Decca, omni- 
range beacons, overlapping beam course beacons, 
and all systems transmitting azimuth informa- 
tion, while the latter would embrace all the re- 
ceiving counterparts of the above. 

'Then in both of the main categories it would be 
convenient to distinguish between broad-based 
systems and narrow-based systems. There is a 
considerable contrast in application between 
these two. In direction determination, for in- 


Fig. 2—Radial and circular systems are special cases 
of hyperbolic and elliptic systems. (Left) In the special 
case when the spacing AB is small compared with the 
distance AC, the difference of distances is АВ cos 0 and 
the loci of constant difference of distance are straight lines. 
: (Right) When the spacing AB is very small the loci of con- 
Stant sum of the distances AC and CB are circles. 
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stance, the broad-based hyperbolic systems are 
applicable where it is important to carry as far 
out as possible the accuracy of position-line 
determination obtainable near in, while the nar- 
row-based radial systems, on the other hand, are 
applicable when it is essential to obtain uniform- 


of the factors which I think would be relevant. 
These are, first, the method by which transmis- 
sions are marked so that differences in times of 
arrival can be observed; secondly, the method of 
modulation; and, thirdly, the method of channel 
separation. 
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Fig. 3—Division of radio оп a broad basis of function. 


ity of indication all round, as in ordinary direc- 
tion-finding and omni-range systems. 

So far, we have not introduced radar into the 
family tree; but if, conforming, I think, to Sir 
Edward Appleton's definition, we mean by radar 
the radiolocation of objects without their active 
co-operation, then it is clear that in the cate- 
gories of range determination and direction- 
finding there could be sub-division into radar 
and non-radar groups to differentiate between 
systems which do and those which do not require 
co-operation. 

I have now, I hope, indicated a line of thought 
in the matter of a first division of systems by 
application or function. We are still left, however, 
with systems falling in the same categories which 
clearly require further differentiation. For 
example, while Gee and Decca would so far be 
classed together as broad-based direction-giving 
systems, there is a marked difference between 
them in technique. We have in fact reached the 
stage where further differentiation must be done 
according to the technical methods used. This 
is a large subject, and I shall not aim to do more 
than introduce it by some observations on three 


Consider first the method of marking (Fig. 4); 
this is a question of the calibration of the yard- 
sticks of radiation sent out. The method which, 
it seems to me, springs most naturally to mind is 
to start the transmission suddenly and observe 
the times of arrival of the sharp fronts. In prac- 
tice, the transmission is marked by a succession 
of pips. This, of course, is the pulse method as 
used in Gee and primary radar. The transmission 
is in the form, we might say, of a ‘‘comb carrier," 
and time intervals are observed as the displace- 
ment between the teeth of the interlaced combs 
received over circuits of different delay. 

Secondly, the transmission can be marked by 
the peaks and valleys of low-frequency sine- 
wave variation impressed on the radio-frequency 
wave. (I am trying to avoid using the word 
“modulation” in this connection, as no geometri- 
cal information is conveyed by this continuously 
repetitive variation.) Differences of distance are 
observed by phase comparison of the low-fre- 
quency envelopes, and the method can be refer- 
red to as the “‘tone-phase comparison method.” 
It is exemplified in the Benito ranging system 
and in certain proposed course beacon systems. 
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Thirdly, we have the radio-frequency phase- 
comparison method in which the wavelength of 
the radiation itself is the unit of graduation, and 
differences of distance are found in terms of the 
number of whole wavelengths and the fraction of 
a wavelength by which one path is longer than 
another. This is exemplified in direction-finding 
omni-range beacons and in Decca. 

There is a sharp distinction between the pulse 
method and the two phase-comparison methods, 
in that in the former the transmission is discon- 
tinuous and the method is therefore inherently 
appropriate to time-sharing methods of multiplex 
and to time discrimination between signals, while 
in the latter the transmission is continuous and 
separation of signals must be by difference of 
frequency. 

I pass on now to remark on the second factor of 
technical method I mentioned, namely modu- 
lation. This term as applied to radiolocation 
should, I think, be taken as referring to the char- 
acterization of signals whereby geometrical in- 
formation is conveyed. In that sense, it is the 
signal characteristic which changes with a change 
in the position of the mobile object. We have, 
as in communication, the two main kinds of 
modulation, namely variable-amplitude modula- 
tion and constant-amplitude time modulation, of 
which frequency modulation and phase modula- 
tion are varieties (Fig. 5). 
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Fig. 4— Division of radiolocation according to method of marking. 
Transmissions are marked to enable differences in times of arrival 
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To take some examples, in overlapping beam 
systems the modulation is amplitude modulation, 
and the degree of modulation is the ratio of the 
amplitudes of the patterns. This changes with 
direction, and position lines are indicated accord- 
ingly. In Gee and in pulse-ranging systems the 
modulation is pulse-time modulation, i.e., the 
displacement in time of one train of pulses with 
respect to another train serving as a reference. 
It is a form of envelope phase modulation and is 
exactly the same kind of modulation as is used in 
some multi-channel pulse-communication sys- 
tems. In the Benito ranging system the modula- 
tion is tone-envelope phase modulation, being the 
variation of the relative phases of two tone en- 
velopes, and finally in Decca the modulation is 
radio-frequency phase modulation, being the 
change of phase of one radio-frequency signal 
with respect to another serving as a reference of 
phase. 

While we have the same kinds of modulation 
as in communication, there is a very distinct 
difference in the way the modulation is im- 
pressed. Modulation of the signal with geome- 
trical information in radiolocation can be effected 
only by virtue of the spacing of antennae. We 
might possibly use the expression ‘‘space modu- 
lation" in that connection. 

To illustrate this point, consider a system of 
Gee character in which interlaced pulse trains of 
“comb carriers" with a certain fixed delay be- 
tween them are fed to two radiators 
A and B. Imagine first that the 
radiators are brought together. Then 
a mobile receiver circulating round 
the system would receive the two 
carriers constantly with the initial 
ev fixed delay between them. The signal 
is unmodulated in the sense applying. 
in radiolocation, and no position in- 
formation is radiated. Now suppose 
we begin to move B away from A. 
We commence thereby to apply space 
modulation, and we have the situa- 
tion that as the receiver rotates the 
B pulses received are cyclically ad- 
vanced and retarded about their mean 
occurrence time with relation to the 
occurrence time of the A pulses. This 
is precisely what happens in a pulse- 
time-modulated communication sys- 
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tem when a channel is 
modulated, the channel 
pulses being advanced 
and retarded cyclically 
with relation to the 
train of synchronizing 
pulses. If the receiver 
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observed which is indi- 
cative of the position 
line of the receiver. 

The third point I 
mentioned is the method of channel separation. 
I think it can be said that radiolocation is funda- 
mentally a multiplex proposition in that, in 
"range" systems it is required to transmit and 
receive simultaneously on the same site without 
interference, and in ‘‘direction” systems it is re- 
quired to transmit simultaneously over multiple 
paths without interference, or, in the case of 
amplitude-modulated systems, to lay down 
separate overlapping patterns. 

Two methods exist, namely “frequency multi- 
plex” in which channels are separated in fre- 
quency, and “time-sharing multiplex" in which 
channels are separated in time (Fig. 6). 

The distinction can be illustrated by 
comparisons between Gee and Decca 
and between pulse-ranging systems 
and  tone-phase comparison-ranging 
systems. 

In Gee, the transmissions from the 
spaced points are on the same fre- 
quency, but, being in the form of inter- 
laced pulse trains, they are kept distinct 
by time-sharing. The signals pass 
through the same receiver, but be- 
cause of the separation in time there 
is no interference. In Decca, on the 
other hand, the transmissions from the 


spaced points are on different frequen- A в 


A AND B SIGNALS 
ON SAME FREQUENCY 
BUT INTERLACEO IN 


cies and they are separated at the re- 
ceiver by frequency-selective circuits 
(actually two receivers). The. point is 
that in Gee the channels are kept dis- 
tinct by time-sharing, exactly as they 
are in a multi-channel pulse-communi- 


TIME. 
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Fig. 5— Division of radiolocation according to method of modulation. In radiolocation, 
modulation is “space modulation,” applied by the spacing of antennae. 


cation system, while in Decca they are kept dis- 
tinct in the familiar way by frequency separation. 

As between pulse- and tone-phase comparison 
ranging systems, the same distinction applies. 
In the pulse method, simultaneous (if we may 
call it so) transmission and receptiori on the same 
site is possible by virtue of the fact that the out- 
going and incoming trains of pulses are interlaced 
in time. In the tone-phase comparison method, 
on the other hand, there has to be a frequency 
conversion at the responder at the remote point 
so that the incoming signals can be separated 
from the outgoing signals by being on a different 
frequency. 
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Fig. 6—Division of radiolocation according to method of channel 
separation. In general, radiolocation involves multiplex operation. : 
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The three factors of method I have briefly dis- 
cussed, namely marking, modulation, and chan- 
nel separation, are evidently closely related. 
Thus, where pulse-marking is used, time multi- 
plex is obviously indicated, and indeed the main 
object of pulse-marking is to obtain time-multi- 
plex effects, including the resolution of signals 
resulting from reflections from many objects, but 
when phase-comparison methods are used there 
is an incentive to use frequency multiplex to 
avoid the necessity of successive as distinct from 
continuous phase comparison. Yet the factors 
need some separate consideration, as there are 
cases in which the methods are associated in less 
usual ways, as for example in P.O.P.I., which, 
though a phase-comparison system, relies on 
time multiplex for channel separation. 

'The possible use of these or similar factors in 
the preparation of a complete chart of classi- 
fication is something which must be left. I have 
aimed only at indicating some of the factors 
which would enter into the consideration. How- 
ever, there is one point I would emphasize as 
having a bearing on our understanding of the 
term radar. That is the distinction, as applied to 
radar, between dis- 
continuous and con- 
tinuous marking, or, 


tion. As both methods have their place, it seems 
that we should reserve the term radar for the art 
of radiolocation without co-operation, irrespec- 
tive of the technical methods used, and avoid 
any tendency to associate the term particularly 
with pulse technique and time-sharing multiplex 
methods. 

I have tended throughout in this brief review, 
I think, to emphasize the close relationship be- 
tween radiolocation and radiocommunication as 
branches of a single art. Now in the time which 
remains, Í propose to describe very briefly a sys- 
tem which, although somewhat hypothetical at 
present, will serve to illustrate that point. This is 
a time-sharing multiplex system combining 
radiolocation and radiocommunication services 
to aircraft on a common frequency. 

The idea is that a multi-channel pulse com- 
munication transmitter, such as might be used 
for a point-to-point radio-link service, could 
possibly be used as an omni-range beacon while 
at the same time serving to transmit a number of 
communication channels. The transmitter delivers 
a number of interlaced pulse trains or comb 
carriers—one for synchronization and one for 
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in more common 
terms, between pulse 
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techniques. Either 
method is applicable 
when we are con- 
cerned with the loca- 
tion of a single object, 
but when we are con- 
cerned with "seeing" 
very many objects 
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ing multiplex opera- 
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each channel (Fig. 7). The communication 
channels are modulated by advancing and re- 
tarding the pulses in accordance with the input 
speech or tone signals. The omni-range bearing 
channel is similarly pulse-time modulated, only 
in this case the modulation is space modulation, 
being effected by transmitting the pulses of the 
channel carrier successively from.a number of 
antennae spaced evenly round the station on a 
circle of about 300-metre radius. The pulse train 
then becomes sinusoidally modulated owing to 
the different distances of the radiators from the 
receiver. The modulation is detected in the re- 
ceiver, giving a low-frequency tone, the phase of 
which varies with the bearing of the receiver. By 
phase comparison between that signal and a ref- 
erence tone transmitted on one of the communi- 
cation channels the bearing can be determined. 

In addition, the aircraft could measure its 
distance from the beacon. The aircraft transmits 
a suitable tone on its very-high-frequency equip- 
ment. The tone is received at the ground station 
and sent back on one of the communication 
channels, so that by phase comparison in the air- 
craft between the outgoing and incoming tones 
the range can be derived as in the Benito system. 
We should thus have a combined system giving 
azimuth, range, and communication, all on a 
single frequency on a basis of time-sharing multi- 
plex operation. 

And now to summarize very briefly: We are 
concerned with one art, which is radio, dividing, 
as I see it, into radiocommunication and radio- 
location, applying the latter term now in a new 
and broader sense to embrace all methods of 
position determination by radio. 

Then it appears that radiolocation itself might 
be divided initially into two sections concerned, 


respectively, with time-sum and time-difference 
measurement, giving in the one case elliptical 
and circular position lines and in the other, 
hyperbolic and linear position lines. For the time 
being, I used the terms "range determination" 
and ‘‘direction determination" to denote these 
two fundamental divisions. 

Within these two categóries there can be fur- 
ther division as between broad-based systems 
and narrow-based systems, and in ''direction 
determination" we must distinguish between 
transmitting and receiving systems, or, as I 
have said, between ‘‘direction-giving’’ systems 
and "'direction-finding" systems. f 

Further, in range and direction-finding systems 
we must distinguish between radar and non- 
radar applications, reserving the term “radar” 
for position determination without co-operation. 

Then, having first classified systems on broad 
lines related to function, we could differentiate 
further by the technical methods used. Some of 
the factors which would be relevant in that con- 
nection are, first, the method of marking, 
whether discontinuous as in pulse systems or 
continuous as in tone or radio-frequency phase- 
comparison methods; secondly, the method of 
modulation, whether amplitude modulation as in 
overlapping-pattern systems or constant-ampli- 
tude time modulation as in systems depending on 
pulse-interval measurement or phase comparison ; 


апа thirdly, the method of channel separation, 


whether by time multiplex or frequency multi- 
plex. 

Finally, it will be understood that my ap- 
proach to this subject has been purely explor- 
atory. I have aimed only at framing a question 
and whetting the appetite for a wider discussion 
of the problems involved. | 
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р involving radio-frequency 
transmission lines of more than two con- 
ductors, or problems involving combina- 
tions of two-conductor lines lying geometrically 
parallel, occur frequently. It is often useful to 
treat such lines as though they were lossless and 
operating in the TEM mode. Under such condi- 
tions, the description of the line behavior is 
particularly simple. It can be shown that, apart 
from terminal conditions, the electromagnetic 
conditions on the line can be expressed in terms 
of the velocity of propagation, which depends 
only on the electromagnetic constants of the 
medium, and on an additional set of constants, 
which may be either the coefficients of electro- 
static capacitance of the line or the coefficients 
of external magnetostatic inductance. 
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l. Line Equation 


Consider the case of a uniform lossless line 
consisting of n+1 cylindrical conductors of arbi- 
trary cross section excited in the ТЕМ mode. 
As a result of this excitation, two waves of fields 
travel along the line in opposite directions, ac- 
companied by currents in the various conductors 
and potential differences between them. In the 
present discussion, the potential of the (7+1)th 
conductor is taken as zero and the potentials of 
all other conductors are referred to it. If we take 
rectangular coordinates x,y,z with the direction 
of increasing z as the direction of travel of the 
forward wave, then the forward-wave electric 
and magnetic fields are given in meter-kilogram- 
second units by 


E; —Ei(x,y)f(z— ct), 


mi ($) K xE), (0 


where 


E;—forward-wave electric vector, 
E,=a vector function of position, 
Ј=а scalar function, 


H;=forward-wave magnetic vector, 
6 — dielectric constant, 
p. — permeability constant, 
K —unit vector in 2 direction, 
c= (u6)-3 = velocity of wave propagation, 
і= time. 

E, depends on the conductor charge distribu- 
tions in any transverse plane, while f depends on 
the way the line is excited, or may be considered 
as being excited, at any transverse plane as a 
function of time. 

Similarly the back-wave fields are given by 


E, = Es(x,y)g(z--ct), 1 


where 
E; = back-wave electric vector, 
Е»=а vector function of position, 
g=a scalar function, 
Н, = back-wave magnetic vector. 


Similar comments apply to E; and g as to Ei 
and f, respectively. 

By virtue of (1) and (2), simple relations exist 
between currents and charges on the various con- 
ductors. As the conductors are assumed to be 
perfect, E; and E, are normal to the conductor 


. surfaces, while H; and Н, are tangential thereto. 


Let E and H represent either forward- or back- 
wave intensities, and let ф be the total charge 
per meter on the kth conductor. On a section of 
surface bounded by transverse planes one meter 
apart, Gauss’ theorem yields 


an 6 g E-ds, 


the loop integral being taken on the path s repre- 
sented by the intersection of the kth conductor 
by a transverse plane. 

Let Г, be the total current in the kth conductor. 
'Then by Ampere's theorem 


he $ H-ds, 


(3) 


(4), 
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where the path of integration is the same as for 
(3). Equations (1) through (4) then lead imme- 
diately to 


In= cqr, (5) 


the positive or negative sign depending on 
whether the wave under consideration is a for- 
ward wave or a back wave. 

In a transverse plane, the electric field is 
described by a potential that satisfies Laplace’s 
equation. Hence the charges on the various con- 
ductors are characterized by Maxwell’s coeffi- 
cients of capacitance and the conductor poten- 
tials by 


йк= У, СЫ, R=1,.... 


i=l 


(6) 


y f, 


provided that 
n+l 


25 qx —0, 
і=1 
where 
Сы= Су, АЁ=1,....,%, 


=coefficient of capacitance between jth 
and kth conductor, 
V;= potential of jth conductor, ј 21, ...., м. 


Thus, we have immediately 


= ЬУ Y,V;, R=1,... 


j=l 


(7) 


M п, 


where 


Yu-2Ya-004-7c6C€p, j,kR=1,....,%, 
=coefficient of characteristic admittance 
between jth and kth conductor. 


For waves of a single angular frequency о, the 
root-mean-square potential of the kth conductor 
may be written 


Vi Axe? +В, R=1,...., п, (8) 
where 


Ar, В, = arbitrary constants, | 
. 6—electrical distance along the line, 
—o2/c. 


The terms in the right-hand member of (8) 
correspond to the forward wave and back wave, 
respectively; A, and B; are usually expressed in 
terms of conditions at the ends of the line. Then 
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(8) and (7) imply 
h=} Y;,;(Aje—® — В;ей), k= 1, erg, Y. (9) 


і=1 


Equations (8) and (9) are the general steady- 
state solutions of the lossless multiconductor 
line. They reduce to the usual two-wire lossless- 
line equations when n=1. 

Equation (7) may be solved for the V;s to 
yield 


V;= +> 221, 


k=1 


= У CZ jikik, 
k=] 


(10) 


= +> P irg, 


k=1 


where the Ру'з are recognized as Maxwell’s co- 
efficients of potential, and Z; may be termed а 
characteristic-impedance coefficient. Thus, 


Р» 


2а=——° (10А) 


The general line equations may also be written 
Ir = Cre +Dre”, 


кеу, Zgi(Cxe-? — Dre”). (11) 


1—1 


It is seen from these considerations that, apart 
from terminal conditions, the line behavior may 
be characterized completely by Maxwell’s co- 
efficients of capacitance and by the velocity of 
propagation. The well-known expression for the 
characteristic admittance of a two-wire line: 


Yo-cC 


is a special case of this result. 


2. Inductance Coefficients 


It may be shown that the line may equally well 
be characterized by its coefficients of inductance 
rather than by the capacitance coefficients; as a 
result, it is possible to compute the former from 
the latter. 

The coefficient of external inductance Lj is 
defined as the magnetic. flux per unit length of 


aei 
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line passing between the jth conductor and the 
reference (14-1)th conductor when the current 
in the kth conductor is one ampere. This leads to 


p=} Lil; (13) 
i 


for the flux per unit length of line between the kth 
conductor and the (n+1)th conductor. Applying 
Faraday's law to a differential length of line 
then yields | 


(14) 


For waves traveling with velocity c, 
д à 
a tesz А 


the lower or upper signs depending оп whether 
the wave is a forward wave or a back wave. Using 
this result in (14) and integrating with respect 
to Z yields for traveling waves 


к= +}? CL ply. 


(15) 
k=l 
Comparing (15) with (10), we have 
GL -z,-b8 (16) 
or | 
Ly- P5. (16A) 


On the other hand, as is well known, 


P S D 

where A is the determinant |C,,| and Aj, is the 
minor of the jth row, kth column of A. Thus, 
the Lj; may be computed when the Су are 
known. 

It should be noted that since Cy is propor- 
tional to 6, Py, is proportional to 67!; therefore 
Lg is proportional to 6&71c?— y, so that the di- 
electric constant and velocity of propagation 
disappear in a calculation of Ly: 

An additional set of relations exists between 


the L's and C's, 
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Form the product Г.С: and sum over k, thus 


У 1%Сы=-—5 У Р+Си=-уу У AkO 
С iml СА 11 


k=1 


By elementary theory of determinants, the 
last sum is zero for 7 #/ and is equal to A for j =l; 
thus 


E LaCu-1 б} - n8 8, (17) 
k=1 с 
where 
гу = Kronecker delta 
=0, k=l 
=1, k=l. 


2.1 EXAMPLES 


The usefulness of the results above will now 
be illustrated by some examples. These will be 
restricted to the case of two small round wires 
at equal heights above plane ground in vacuo, 
as shown in Fig. 1. For this three-conductor 


"I 


system, 2? = 2. Approximate values for the ad- 
mittance coefficients are well known. For D, Жа, 


Yin VnecCi= -- BIS: = 
Y= РС 
where 
= д, 
1-ln P | (18А) 


G- (рурат), 


The usual characteristic admittances of the 
line may be computed from the admittance co- 
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efficients. To compute the characteristic admit- 
tance, we assume forward waves only so that (8) 
and (9) become 


VizA:ie-*?, 
Vs =A 2€, 
I; (YuAid YisÀ)e7?, 
I= ( YoiAit Yss4 oje”. 


For a balanced: line, V;2 — Vi, A= – 4}, 
Г, = — Г, апа 


o h _1 _Yn— Y» 
Тиз OV o£ 7 O99) 
For an unbalanced-fed line, = ү, so that 
As 4}, Lh=h, and 
Il - 
5 Y= D B YYa Viz). (20) 


Using (18) and (18A) in (19) and (20) yields 
the well-known results 


Balanced Line Уљ = (120 In zp) ‚ (21А) 
Unbalanced Line Ye = (30 In wl (21B) 


2.2 INPUT ADMITTANCE OF A SHORT-CIRCUITED 
LiNE ABOVE A GROUND PLANE 


The case to be analyzed is shown in Fig. 2. 


p 

This has been previously analyzed by an arti- 
ficial arrangement of exciting generators shown 
in Fig. 3. This arrangenient clearly excites line 1 
at potential Е and line 2 at potential zero. The 


Fig. 2. 


289 


current in line 1 may be determined by adding 
the effects of (1) the balanced generator pair and 
(2) the generator exciting the line against ground. 


Fig. 3. 


For part (1), the line is a shorted line of length 
6; its input admittance is 


Y,— —iY a cot Ө, 
and the balance current into conductor J is 
= —1Ү2Е cot bı. (22А) 


For part (2), the line is an open line of length 
0,; the input admittance to conductor J is 


A You 
Y,-i( 2 


) tan Ө, 


and the unbalance current into conductor 1 is 


. Vou Е 
1-4 2 X2) tan 6,. 


The input admittance at conductor J is, there- 
fore, 


(22B) 


у ET (Уш, tan #,— Ya cot 0i). (23) 
Equation (23) is obtainable from the foregoing 
theory in a straightforward manner. In (9), with 
n=2, we introduce the following boundary con- 


ditions (Fig. 2): 


= Е, when 6-0, 
Vi= V2, when 6-6; 
V2=0, when @=0, 
Iy=—Ise, when 6-6, 
Setting s =e ехр[:0:] yields a set of equations: 
A,+B, = Е 
sA ı1+sBı=s 74A; +sBə, 
A+B:=0, 


s74,—sBi= —s 4 +sBo, 
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which can be solved for the A’s and B’s. The 
input current to line 1 іп terms of E is then com- 
pletely known; in fact this current is 


(Ijo- Yu(41— Bi) + Ү(А»— B3), 


whence the admittance is found to agree with 
(23). 


3. “Loop”? ог “Short-to-Short” Coupling 
Between Lines 


The configuration to be analyzed is shown in 
Fig. 4. Line J is driven and power is induced in 
line 2 and absorbed in the load 2 Yo. The problem 
is to find the input admittance at M—M on 
line 1. The solution in the present instance is 
restricted to the case where the geometry of the 
lines is identical and where the transverse traces 
of the centers of the wires constitute the corners 
of a rectangle. : 

This problem has been studied previously; in 
the earlier discussion, the characteristic impe- 
dances of the driving and driven lines were con- 
sidered to be unaffected by their proximity to 
each other. The effect of proximity is accounted 
for automatically in the present procedure. 

To fit the problem into the present discussion, 
consider both lines balanced with respect to 
ground so that the configuration of Fig. 1 can 
be substituted. Then the boundary conditions are 


Vı=E, when 6-0, 
V,=0, when 6-6; 
V2=0, when 620, 
Ij;22Y«( V2) 6-0,» when 0 —6;. 


The current in line J at 0 —0 is 


(I)e9 Ү.(4:-В) +Ү(4:— Вә), (24) 
and the input adinittance is 
_ (Mo, 


Substitution of the boundary conditions in (8) 
and (9) yields the following set of equations. 


Aı+Bı=E, 
514 itsB,=0, 
A,+B,=0, 


2А. Alford, “Coupled Networks in Radio-Frequency 
Circuits," Proceedings of the I.R.E., v. 29, pp. 55-69; 
February, 1941: see p. 68, 


ELECTRICAL COMMUNICATION 


s~ YAS VYouBits( VYoo—2 ҮА ° 
—s(VYoot2 Vo) Be =0. 


These equations are readily solved to yield 


— Es 
Aina ' 
Es“ 
B SS , 
I 5—51 (26) 
ds 2Y wk 


~ (s—s7)[(s+s7) Yoo +2(s—s) Yo] 


B= —Ao. 


Fig. 4. 


Substitution of (26) in (24) and (25) gives, 
after simple reductions, 


_ Yu Yi 
Yn 2 21 cot e 24 sin ( Yoo cos 014-22 У, sin 61) 


or, finally, 


2 


-Yu Via 
Уз 2i cot „| Ys 


1 
Хов 861( Y cos 614-22 Уо sin "1 (27) 


as У, = Vy for the configuration discussed. 

This result is found to check the earlier result! 
when the separation between the two lines is 
made sufficiently great. ; 

Of course, it must be pointed out that the 
simple procedures given here make no allow- 
ances for end effects on the lines; such effects are 
minimized when the spacing between conductors 
is small compared with line length. | 


Reduction by Limiters of Amplitude Modulation in an 
Amplitude- and Frequency-Modulated Wave 


By A. С. CLAVIER, Р. Е. PANTER, and W. DITE 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


MATHEMATICAL method is described 
A for computing the effect of idealized 
limiters on an amplitude- and frequency- 
modulated wave of the form A sin ¢(¢), where A 
may be a function of time. The output com- 
ponents of the limiter are shown to be of the form 
У,+1(4) sin (2»4-1)9(£) and the dynamic charac- 
teristics V241(A) are used to compute the re- 
sidual amplitude modulation in the output. The 
dynamic characteristics are plotted for several 
limiters assumed to behave according to known 
mathematical functions. The effectiveness of 
such limiters is displayed in curves showing the 
ratio of residual amplitude-modulation index to 
the amplitude-modulation index in the original 
wave as a function of the applied voltage. 


1. Introduction 


In many problems, the action of a four- 
terminal network is characterized by a curve 
showing the output V in terms of the input v. 
This curve may not be linear and such a case 
may be treated in a number of ways. One ap- 
proach is to represent the output-versus-input 
characteristic by a power series in the form 


Vaf(v)- Y Q^. (1) 


n=0 
Another approach is to represent the character- 
istic function by means of a trigonometric series! 
in the form 


2anv 


+B, sin 2222), (2) 


0 Vo 


V=Aotd (4. cos 
| 1 | 


where v equals the range over which this expan- 


sion is valid. 


The representations given in (1) and (2) are 


useful in numerical analysis where only a few 
terms are required to give an approximate result. 
1L, W. Barrow, "Contribution to the Theory of Non- 


linear Circuits with Large Applied Voltages," Proceedings 
of the I.R.E., v. 22, pp. 964-980; August, 1934. 


For general analysis, (1) is applicable only to 
continuous functions and is very -difficult to 
handle as the result is in the form of an infinite 
series. Equation (2), while giving rise to an in- 
finite series, may sometimes be treated by the 
method given in the appendix. 

A third approach, which is applied in this 
paper, makes use of the Fourier transform. It is 
similar to the contour-integral method used by 
Bennett? and others but has the advantage that 
the integrals involved are real. 


2. Outline of Method 


The specific problem that will be treated here 
is the action of amplitude limiters on a signal 
that may be modulated both in amplitude and 
frequency. Our discussion will be limited to the 
case where the static characteristic is an odd 
function of the input voltage v, so that 


/@) = —/(—), 


where v — А (t) sin фФ(@), A(t) and $(t) being given 
functions of time. | 

“То compute the output of the limiter, use will 
be made of the Fourier transform in the following 
manner. Any limiter characteristic may be repre- 
sented approximately by Fig. 14. 


f'(v) 


A B 


Fig. 1—A is the static characteristic of the limiter, and B 
is the derivative of that static characteristic. 


While there are a number of known functions 
that may be used to realize such a characteristic, 
there is obviously one common property to all of 

? W. R. Bennett, "Response of a Linear Rectifier to 


Signal Noise," Bell System Technical Journal, v. 23, рр. 
97—113; January, 1944. 
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them, namely: that the derivative f’(v) of the 
limiter curve is finite at v=0 and tends to zero 
as v>+0, also f'(v) 2 f'(—v) as shown in Fig. 
1B. This property of the derivative f'(v) enables 
its Fourier transform to be found without diffi- 


culty. Following the notation used in a previous. 


paper? let 
T f'o)=g(u) -a f. f'(v) cos (uv)dv. (3) 


In the particular case considered for which f(z) 
is bounded everywhere, it can be shown that the 
Fourier transform of f(v) is related to the Fourier 
transforms of f'(v) by 


T wT ro. 
РУДЕ УЛИ 


аы 2 E 7 
=a S f (v) cos (uv)dv. 
The output signal of the limiter is given by 


V=fv) = 7 G(u) "oi f G(u) sin (uv)du 


_2 Í { Sin (uen f ” Р) cos (из). (4) 


T 


Here V is a function of the input voltage v ex- 
pressed in the form of a definite integral. Since 


v=A(t)sin Фф) and sin (uv)=2 Y Л»+а(иА) 


v—0 
Xsin (2v4-1)9(0), the coefficient of sin (2,4+1)Ф(0) 
in the output may be defined by analogy with 
the case of a simple sine wave as the amplitude 
of the (2»--1)th harmonic of the fundamental 
and is given by 


Vend) = f^ entm (7 f' (2) cos (uv)dv. 
0 0 
(5) 


In particular, the amplitude of the fundamental 
voltage is of interest. 


v(a)=4 S E f ” (0) cos йшй (6) 


зА. G. Clavier, Р. Е. Panter, and D. D. Grieg, “PCM 
Distortion Analysis," Electrical Engineering, v. 66, pp. 
1110-1122; November, 1947. 


ELECTRICAL COMMUNICATION 


In practical cases where the limiter is followed 
by a frequency discriminator for demodulation, 
it is obvious that the frequency of the frequency- 
modulated carrier should be chosen so that the 
significant sidebands of the harmonics should not 
fall within the sidebands of the fundamental. 


3. Application to Several Functions that 
Approximate an Amplitude Limiter 


Following the general idea outlined above, 
limiter action may be analyzed by curves, the 
closest to the experimental result being finally 
chosen. Several known mathematical functions, 
which represent such curves and their deriva- 
tives, are given in Figs. 2-6. | 

The effectiveness of the various limiters listed 
above is clearly shown when their derivatives are 
compared. While the derivative of the semi-ideal 
limiter drops suddenly to zero, the derivative of 
the inverse-tangent limiter varies as 1/(1+x°). 
However, the derivative of the error-integral 
limiter varies as e-*', which indicates a high 
degree of limiting. 

In the following, the expression given for f'(v) 
for the various limiter curves outlined above will 
be substituted in (4) from which the dynamic 
characteristics and the reduction of amplitude 
modulation will be evaluated. 


3.1 IDEAL AND SEMI-IDEAL LIMITERS 


Consider the semi-ideal limiter f(v) shown in 
Fig. 2B and its derivative f’(v) in Fig. 2A. Start- 


t'(v) Ye 


Fig. 2—A is the derivative of a semi-ideal limiter, 
and B is its static characteristic. 


ing with f'(v) and applying (4), we have 


f Ё f'(v) cos (uo)do= 17 f "" cos (uv)dv 


_ Vm sin (uvo) 
Uo и 


n Joži ("sin (wo) cin whee ү 


2 
0 и 
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when 200—0, (7) reduces to vibe f Tent 
_2 *? sin (uv)du 0 9 
fioe Vm f c m (8) Б. Ө 8 (9) 
т 2241 


which is the equation of the ideal limiter as 
shown in Fig. 3B. The dynamic characteristic of 
the (2»4-1)th harmonic is given by 


4G. N. Watson, “А Treatise on the Theory of Bessel 
Functions,” 2nd Edition, Cambridge University Press, 
Cambridge, England, 1944. Page 391, equation 1. 


rw) 
&() 


1(v) 


° 


А B 


Fig. 3—4 is the derivative of an ideal limiter, 
and B is its static characteristic. 


t'() 


А в 


Fig. 4— А is the derivative of an inverse-tangent limiter, 
foe 
т шу 002 


. B is the static characteristic, f(v) -i 


v 
X Vm tan} —- 
9o 


f) 


A 8 
Fig. 5—4 is the derivative of an error-integral limiter, 


аР 2л 
г@=-^^ e~el", Bis the static characteristic, f(v) xir. Gi 


v 
Жоо JS etid? dy, 


It is obvious from (9) that the output signal of 
an ideal limiter is independent of the amplitude 
of the input. It is also apparent that the ideal 
limiter may be used as a frequency multiplier. 
To continue with the semi-ideal limiter, from 
(5) may be obtained an expression for its dy- 
namic characteristic of the (2v-- 1)th harmonic. 


И»ы(4) E f 2 Jose) sin (uvo)du sin (uvo)du . 


TUO u? : 
This integral may be evaluated by the relation 
2n 
Ља) +In—1(x) — n(x) 


and (2) of reference 4, page 405. 


27,4 
7104) = wi) 
x [TREDE Te a (д. 
0 


The fundamental is given by 


Vi(A) =A (=), A Svo, 
2 A Vu. 90 , Vo E 
A) p) |]. ао 


ti) 


А в 


Fig. 6—A is the derivative of an exponential limiter, 
70) - Bie wun, v2.0; (v) == etl, v< 0. Bis the static 
0 0 
characteristic, f(v) = V4(1—676*9), v> 0; 


Ко) = — Vn(1—e £10), v« 0. 
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А Z2 9s, and the harmonics are given by 


Vagal A) =0, A < шо, 


н У ‚үш 
A (y [> sin A 
0 


70,410) \ о v 


sin | on sin 2| | 
TUE C) ‚ Adu. (11) 


Thus we see from (10) and (11) that on the linear 
: portion of the static curve where A € vo, the out- 
put is proportional to the input, as expected, and 
the harmonics are equal to zero. However, in the 
range А >v, harmonics are generated as a result 
of the nonlinearity of the system, the degree of 
limiting of the fundamental and its harmonics 
depending on the amplitude A of the input signal. 
When A2», (10) of the semi-ideal limiter re- 
duces to (9) of the ideal one, where the limiting 
is perfect. The dynamic characteristics of the 
semi-ideal limiter are shown in Fig. 7. 


3.2 INVERSE-TANGENT LIMITER 


Referring to Figs. 44 and 4B, the derivative 
of the iyere tangent limiter is given by 


. f EO zs 
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and its static curve is given by 


-2 ER. 
F(v) — ж Им tan а (12) 


Following the procedure outlined above, we have 


ata (" 
0 


= Vine™. 
2Vm [° e sin (uv)du , 
METAL козел Ae 1 
/@)=—_ f Уз (13) 


cos (uv) 
ee do 


f f'(v) cos (uv)dv = 


and the dynamic characteristics are given by? 


vedette ["* 
0 
4y, 


-e e- ав 


The static curve and its dynamic characteristics 
are plotted in Fig. 8. As expected, such a limiter 
is less desirable than the semi-ideal one. 


eJ», (UA du 
u 


3.3 LIMITER EQUATION GIVEN BY ERROR IN- 
TEGRAL 

The static curve and its derivative are shown 
in Fig. 5, then 


© 
fo)= е ird? dy, 


vor? 


fv) =v zi 2 зыш, 
0 


(15) 
ose БИЙ Ж ЗП ШИЕ ИП ПШ ДЕ БЕ 
MEFIBSEHSISEEESEISRENEEN уН 
Коши 

>|> 
о || -— NE "9? cos (uy)dv 
} 0 0 
e БЕШ serere шо суг ти ы 
-0.3 
ne ы eee 2v 
9 ТАЩУ LL eae ace DYNAMIC CURVE У,(А) NEN . fv) ain 
04 [ 7 T 
4 ЕА ЖОЛЫГУ” 
sal Fa Е Е СА В НИ 8 ^ f, PLUME Fe 
5 6 7 8 9 10 (16) 
* 
5 Reference 4, page 386, equa- 
Fig. 7—Semi-ideal limiter. | tion 7. 
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The dynamic characteristics are given by® 
—4V in [° e712)? 7», (UA du 
Vende re f uem 
ERES i eg o2? 
v (2v4-1) Jo 
X LJ» (uA) +Jov42(uA) Jdu 
_2 2Vm A e Gm c 
E т? 20 7024-1) 


«pe 9]. o 


$ Reference 4, page 394, equation 5. 
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where J,(x) is the modified Bessel function of 
order >. The dynamic characteristic of the funda- 
mental and its harmonics is shown in Fig. 9, 
making use of available tables of e-Z,(x) and 
€ *I,,i(x) as given in reference 4. 


3.4 LIMITER EQUATION GIVEN BY AN - 
EXPONENTIAL 


This is shown in Fig. 6. 


ttt 
DYNAMIC CURVE v,(A) (EQUATION 14) 


mm 
STATIG CURVE (EQUATION 12) B 


ЕЕЕ CURVE V, (EQUATION 


—^ marae МА 
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БН. 
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А 
Yo 


WT C CURVE. M терту m 
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Fig. бейшен limiter. 
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Fig. 10—Reduction in amplitude modulation versus input voltage 
for a semi-ideal limiter. 


fv) = V,(1—e-0/), »20, 
=—V,,(1—e/), 0<0, 
and 
/@=тте-®ю, руб, 
Uo 
V. 
———H olv 
7 е?! %0, 0<0. 
f f'(v) cos (uv)dv 
0 
Vm f? 
=— e—!0) cos (uv)dv 
Vo 0 
1 
Vm 1+ (uv)? ’ 
2Vm ('*sin (uv)du 
mos a u(14-w) 


The dynamic characteristics are given by 


Jo ji(4A)du . 
u(1+7%) 


Vor4i(A) = _4V in aa i 
0 


The fundamental reduces to? 


Vi(4) - is 


* JA(uA)du. 


т J, uit) 


dtd 


7 Reference 4, page 426, equation 11. - 


A 


v 


)] 


| 
MIT ИН | И ЭИ ШИ ИП 
ШШШ —————-4— 
WENN 


(19) 


(20) 
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Where the function L,(x) is de- 
fined by the equation? 


(x/2) mu 
L- Xo eer з), 


the function L,(x) bears the same 
relation to Struve’s function as 
I(x) bears to J,(x). 

No curves were plotted for 
this limiter due to the fact that 
the authors are not aware of 
tables listing L(x). 


4. Reduction of Amplitude 
Modulation 


Let A(t) be an amplitude- 
modulated wave, namely, A(é) 
=A)(i+m sin pt). The ampli- 
tude of the input varies, there- 
fore, between the limits.A o(1+m). 
The effect of the limiter on such 
a wave is to reduce the index of 
modulation m. The output index 
of amplitude modulation will be defined by the 
relation 


m — УЧА +m) ]- ViLA«(1 —m) ] 
ViLAe(1 4-m) ]+ ViLA«(1 —m) ] ' 


which may be obtained from the dynamic curve 
of the fundamental. The ratio m/m, when plotted 
versus the input voltage v, gives a measure of the 
reduction in amplitude modulation effected by 
the action of the limiter. 

Curves showing the variation of m/m versus 
A/vo are plotted in Figs. 10-12, for the limiters 
discussed above. The degree of limiting as a 
function of the input voltage may also be in- 
vestigated by expanding (А) in powers of 
00/ А. For the semi-ideal limiter, 


via) T sin te [1—(®) |} 
AA = 


For the error-integral limiter, using the asymp- 
totic expansion of Г,(х) and I(x), 


pat] 


8 Reference 4, page 329, equation 11. | 


(22) 
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Fig. 11—Reduction in amplitude modulation versus input voltage 
for an error-integral limiter. 


EJE 0.5 


0.4 


Fig. 12—Reduction in amplitude modulation versus input voltage 
for an inverse-tangent limiter. 


Using these relations and (22) for #/m, for the апа for the error-integral limiter 


semi-ideal limiter mW Afo\? 1 
nai?) П) (25) 


ino (24) 
т 3\Ao/(1—m?*)?’ The last two equations illustrate the effective- 
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ness of these limiters, which is-also borne out in 
Figs. 10 and 11. However, for the inverse- 
tangent limiter, 


ЈЕ 


Vafa 2 1/00) |. 
-f ve | 


: (26) 


In this case 


The performance of such a limiter in the reduc- 
tion of the index of modulation would then be 
much poorer than the preceding ones, which is 
clearly illustrated in Fig. 12. 


5. Conclusions 


It has been shown that the effectiveness of a 
limiter is conveniently described by means of the 
derivative of the static characteristic curve. A 
number of different equations have been chosen 

for this derivative and the effect of the corre- 
. Sponding limiters on a wave having both fre- 
quency and amplitude modulation has been 
evaluated by means of Fourier transforms. The 
output has been found to consist of a series of 
terms of the same type as the input wave, but 
the phase functions of which are multiplied by 
odd integers. These terms have been called fun- 
damental and harmonics. In general, the carrier 
frequency of the input wave is chosen so that 
the so-called harmonics can in practice be filtered 
out from the fundamental. The fundamental 
presents a residual amplitude modulation and 
the ratio of this residual amplitude-modulation 
index to the output amplitude-modulation index 
has been plotted versus the input voltage for the 
different cases of limiter characteristics that have 
been examined. 

'The method used can obviously be extended 
to other nonlinear four-terminal networks 
including, for instance, rectifiers or vacuum 
tubes, when the effect of saturation is con- 


© sidered. 


6. Appendix 


The expressions given for the semi-ideal limiter 
shown in Fig. 13 may be obtained by expanding 
the static curve as a Fourier series valid over the 
range — Vı to + Vi. 
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The characteristic is defined by the equations: 


V= – Vm, —01<0< — vo. 


v=o 9 әр, (27) 
0 
V=4+Vn, 00<7< 201. 


To simplify the results, we may subtract the 
linear function defined by 
(28) 


V, А 
А —1 Kv. 


This gives the function shown in Fig. 14 de- 
fined by 


V, ' 
y"2- И 70 —01<05 — 70. 


у" (0202), аса р OO» 


Vo V1 


The function V" is an odd function so that it 
may be expanded into a sine series as follows. 


jm asin 289€. 


n=] 1 


(30) 


where 


ams f * f) sin ие... 
1 So 01 


Fig. 14—The function V”. 
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REDUCTION OF AMPLITUDE MODULATION 


Performing the integrations, we have as the 
equation of the static limiter curve 


Bin 2q 009 

2V,v , 4Vindo < Uu . 2m" 
+ 77 sin. — 

01 Up na (==) #1 


71 


ya 


sin 2v, 
_ 2Vnv | 4Vnvo = 7| "ELUL 
74 vi o к Ui 


(31) 


If we let v=A sin ф, the coefficient of sin ф is 


Sit 2T95179 
Vin 8 Pate y Ui 2тпА 
та) = 2а + x ge^ 7i ) 
01 
(32) 


To sum the infinite series, we may use the Euler- 
Maclaurin summation formula 


f(a) t- f(a--w) t .... - fLa- (n — 1)w ] - fa+nw) 


= ва) Eom] 


-Э©Гу'(а-+тш)—/'(а)] 


HET pranw) =Po]. (33) 


where Bi, B», .... are Bernoulli's numbers. Here 
a=0, w— 27/71, so that 


fy = ата (4s). 


(34) 


As f(x) is an even function, all the odd deriva- 
tives vanish when x = 0. As x is allowed to be- 
come infinite, the function and its derivatives 
vanish. Thus: 


2rnv (24) 
in ———Ji 
71 91 


2mnvv M? 
v 


"Ui f sin voexJi(Ax)dx 1А 
=з eee tos. 
TVO x 


x 


4 Uo 
This gives 


Vi(A) atts ah: sin ve T Аук 
0 


which is the same formula as derived previously. 
'The result is independent of the assumed range 
—1, to vı and hence is a general result. The ex- 
pressions for the higher-order characteristics may 
be obtained in the same manner. 


‚ (35) 


Thermomagnetic Generator 


By L. BRILLOUIN and Н. Р. ISKENDERIAN 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


ROPOSALS have been made! to use the 
properties of ferromagnetic substances 
near the Curie point for constructing 

thermomagnetic current generators. Large flux 
variations could be induced in a coil and alter- 
nating currents generated by heating and cooling 
above and below its Curie point a ferromagnetic 
substance that is part of a magnetic circuit. 
The mechanism, therefore, lies in the tempera- 
ture dependence of the permeability of the sub- 
stance and the associated thermomagnetic ef- 
fects. In this paper, calculations are given of the 
magnitude of the effect and of the efficiencies 
obtainable. 
1. Thermodynamics of Magnetic 
Substances 


The thermodyuamic properties of magnetic 
substances have been investigated for many 
years in connection with anomalies of the specific 
heat near the Curie point? and, more recently, a 
very important use of these theories has been 
made in the magnetic method of obtaining ex- 
tremely low temperatures? down to 1/100 of a 
degree, absolute. A short account of the theory 
may be found in textbooks.‘ Similar results have 
also been obtained on dielectrics.5 A complete 
statistical theory of magnetism appears also in 
texts. 

The thermodynamic properties of magnetic 
substances will be summarized and some useful 
formulas for determining the conditions for maxi- 


1 Thomas Edison, British Patent 16,709; 1887: N. Tesla, 
U.S. Patent 428,057; 1890: Chilowsky, U.S. Patent Appli- 
cations 627,832 and 635,988, 

? Weiss and Forrer, "Magneto-Caloric Effect," Annales 
de Physique, v. 15, pp. 153-213; January-February, 1926. 

3 Giauque and MacDougall, “The Production of Tem- 
peratures Below One Degree Absolute by Adiabatic De- 
magnetization of Gadolinium Sulphate," Journal of the 
E Chemical Society, v. 57, pp. 1175-1185; July, 

* Zemansky, “Heat and Thermo Dynamics,” 2nd Edi- 


tion, McGraw-Hill Book Company, New York, New York,. 


pp. 271-279. 

_* Brillouin, "Propagation des Ondes Electromagnetiques 
dans les Milieux Matériels," Congress International d' Elec- 
tricité, Paris, 1932; v. II, pp. 739-786. 

„ê Van Vleck, “Theory of Electric and Magnetic Suscepti- 
bility," 1st Edition, Oxford-Clarendon Press, 1932. 


mum efficiency in a thermomagnetic generator 
will be derived. To avoid unnecessary complica- 
tions, we will assume that hysteresis effects do 
not exist, thus indicating complete thermody- 
namic reversibility. 
When heat dQ is applied to a magnetic sub- 
stance, varying its temperature Т by dT and its 
induction B by dB, we have 
| dQ=c(T,B)dT+fdB, (1) 
where c=heat capacity per unit volume at con- 
stant induction B, f=coefficient of “heat of 
magnetization.” 
The magnetic work dW done by the magnetic 
system per unit volume is given’ by 
бИ = Нав, 
where H is the total field. 
According to the law of conservation of energy, 
the increase dU in the internal energy of the 
magnetic body is given by 
dU=dQ+(—dW) =c(T,B)dT+(f+H)dB. (3) 


Equation (3) is an exact total differential; hence 
9(9UN ә (au 
dB\ eT} daT\oB 
or (4) 
ARCEM 
әВ|т oT|s OT |p 
Equation (4) shows the dependence of c on B. 


Since a reversible process has been assumed, 
the entropy change 


бО 
1.5 = T =p +7 


(2) 


dB (5) 


must also be an exact total differential. Hence, 


с 
ӘВ\ӘТ) ӘТ\ӘВ/| 


or — (6) 


TORO] 


7J. A. Stratton, “Electromagnetic Theory,” 1st Edition, 
McGraw-Hill Book Company, New York, New York, 1941; 
p. 124: Also, R. W. P. King, ‘Electromagnetic Engineering,” 
v. 1, 1st Edition, McGraw-Hill Book Company, New York, 
New York, 1945; p. 187. 


300 


THERMOMAGNETIC GENERATOR 


301 


Hence, 
TOPER 
T\aB s; UT ӘТ) һ 
апа 
ac(T,B) f [af 
a h-r о 
From (4) and (7), 
oH 
f=- ЕЯ 3 (3) 
and 
dc(T,B) CH 
ôB ]-- i EAE (9) 


hence, by integration of (9), 
c(T,B) =c(T, 0)- rf] dB. (10) 


А [27] 
“lori.” 

From (1) and (8), the heat given to the system 
becomes 


According to (3) this.... 


dQ=TdS =c(T,B)dT — ДЕ: A (11) 


We also have, from (3) and (8), 


90 oH 
-1-1]22] . 


OB 
The factors T and B were taken as the inde- 
pendent variables in the foregoing discussion. 
We may change to variables T and H, instead, 
by taking B(7,H) or 


ðB ðB 
dB = El EE: 7 | ar 
Then, corresponding to (1), we have the ex- 
pression © 


(12) 


(13) 


dQ=c(T,H)dT +gdH, (14) 


where c(T,H) denotes heat capacity at a con- 
stant field H. 

Starting from (2) and (13), we have, for work 
done by the system, 


9B В 
—dW = Нав = n=) area). dH. (15) 


By an analogous reasoning, writing conditions 


that make dU and dS exact.total differentials, 


we obtain 
ôB 

Fl, T 

oB 

Tas=dQ=6(r,tnar+7( 2) dH, 
OT J xz 

[227 B 74 (17) 

9H |r Tejp’ 


dU=cdT+(g+B)dH, 


c(T,H)— «royer[" (55), dH, (18) 


PARTE ETE 


It should be noted that these relations do not 
imply any special assumption about the relations 
between В, H, and T. 


and 


(19) 


2. Simplifications for Substances Having 
Constant Permeability 


24 B=p(T)H 


If we consider an average value of permeability 
и dependent on temperature only, 


H(T,B)- (20) 


1 
——B 
KT)’ 
(3) and (5), with the help of (8), yield 


1 
д— 
U(1,B)— ЕЗЕР Я 2) (21) 


and 
1 
ô- 
S(T,B) -S(T,0) -3B* n Q2) 
Equation (10) then gives 
et 
S(B)eeTO)- APTAS. 03) 
where 
| 8U(T,0) ,.9S(T.O) 
(nO) =T or 09 


is the heat capacity for zero induction. Equation 
(11) now becomes 


1 
д— 
dQ=c(T,B)dT — 1 | ав (25) 
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This equation gives, for dT=0, the amount of 
heat to be given to the system during a change 
of magnetization dB. 

Turning now to variables T,H as in (13) to 
(18), by integration of dU, 


U(T,H) = U(T,O) +иг(„+т®®) (26) 


апа 


c(T,H) -c(T, 0) um 


573. (27) 


with 
(28) 


dQ=c(T,H)dT+ тэн нан. 


For paramagnetic substances that follow the 
Curie-Weiss law, | 


where Т>Ө (Curie temperature), and yo, the 


permeability of a vacuum, may be neglected. 
From (29), 


and 


Equations (25) and (28) become 
20=(Т,В)ёт Вав 


СТ 
(тө): 


The heat-capacity equations given by (23) апа 
(27) become 


=c(T,H)dT— (30) 


c(T,B) =c(T,O) 
and 


c(T,H) = с(Т,0) +T (31) 


C 
(T-0)* 
As is known, the usual heat capacity c(T,O) 
of solids drops to negligible values at very low 
temperatures of the order of 7%. During an 
adiabatic demagnetization, it follows from (30) 
and (31), 
c(T,H)dT = НГ —— £ 


(T—6)* 


CT 
=op tA 


dT 
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Hence, 
dT dH 
T-0 H (32) 
or 
T—0-AH, (33) 


where A =a constant. By reducing H to zero, the 
temperature drops to the Curie point O. Then, 
from (29) and (33), ` 


meaning that B remains constant during this adi- 
abatic process. Some salts, like gadolinium sul- 
fate, have a Curie temperature very near absolute 
zero. Very low temperatures may be reached by 
this adiabatic demagnetization process.’ 


2.2 B(T,H) =B(T,O) -u4H 


If we assume the soft ferromagnetic component 
of the generator to be nearly saturated through- 
out a heat cycle (only a few oersteds are re- 


quired), we may write 
B(T,H) =B(T,O) - u4H. (34) 


For this case, expressions for internal energy 
U(T,H), heat capacity c(T,H), and entropy 


З(Т,Н) become as follows from n (18), (19), 


and (34): 


oB(T,O) 


U(T,H)= aT 


U(T,O) +HT—— 


i s(a +r) ‚ (55) 


(т,ну=с(То) +HTA(T, О) 
1 2 Ou 
+r, (36) 
and 
ST-ST +ECO 5 ys, (зт) 


where 
dU(T,O) _ T àS(T,0) 


«T,0) = т ar 


is the heat capacity for zero induction. Equation 
(17) gives 
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ad 
© 
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о 
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‘TEMPERATURE IN DEGREES CENTIGRADE 


360 362 


Fig. 1—Magnetization-versus-temperature curve for ` 


heat cycle A-B-C-D shown by solid line. Values of H are 
in oersteds. (де /д Г)1.2 per heat cycle. Based on experi- 
mental data for nickel by Weiss and Forrer. 


dQ=TdS 


_ ӘВ(Т,0) , „дил 
=r mar 1| PEO) ene |н (38) 


as the amount of heat required by the system 
to maintain its temperature constant during 
magnetization. 


3. Ideal Thermomagnetic Generator; 
Carnot and T,H Cycles 


In a thermomagnetic generator, the sample is 
acted on by a permanent magnet and a coil 
through which a current 2 flows, contributing to 
a magnetic field H, while the temperature is 
varied. Hence, it seems convenient to use T and 
Has independent variables; we shall assume here 
B(T,H) = (Т)Н. Maximum efficiency should be 
attained with a Carnot cycle consisting of two 
adiabatic branches connecting two branches at 
Tı and Т». 

First, consider an adiabatic transformation 
with dQ —0. According to (27) and (28), 


c(T,0) cam? \aT +78" Hal =0. (89) 
d х aT? oT 


A rise dT in temperature is accompanied by an 
increase dH in magnetic field. 
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We intend to work with a ferromagnetic sub- 
stance in which permeability decreases when T 
is increased and becomes џо at the Curie tem- 
perature Ө. This suggests a law of the form 


4 — uod- A (0 — Т)", (40) 


where A >0, TSO, and the exponent n seems to 
be of the order of 1 or 2. 

Experimental data obtained by Weiss and 
Forrer on nickel show, in Fig. 1, a dependence 
of с on H in addition to T. Since this leads to 
great complications, we shall take average values 
of A and Ө that correspond to an average field 
intensity and, using an exponent n —1 (Fig. 2), 


u 7 uod-A (0 — T), 
ди 
DI. s esc 
"Ya (41) 
Ou _ 
oT?’ 


PERMEABILITY pe 


° 0 


TEMPERATURE T 


.Fig. 2—Permeability » plotted against temperature for 
a thermomagnetic generator. O is the Curie temperature, 
The slope of the curve — — А. 
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where 7€ Ө. Then, from (27) and (39), 


c(T,H) =c(T,O), | 


c(T,0)dT = ATH dH, (42) 


for an adiabatic transformation. The heat ca- 
pacity c(T,O) can be treated as a constant cy and 
(42) is integrated: 


Co ioe =+АН°, (43) 
Т» 


where Те is the temperature for which H=0. 


T=Tyeexp| an]. (44) 


2с% 
where Т'< Ө. The Carnot cycle is approximately 
plotted in Fig. 3. Thermodynamic efficiency & 
is defined as the ratio 


Ww 
б=—, 

Qi 
which is work output W per cycle for a heat input 
Qı, not counting the amount of heat — Qə re- 


turned to the source at a lower temperature T. 
On the other hand, 


(45) 


W-Q:-|0Q:] 20:0» 


(46) 


н’ 


TEMPERATURE Т 


MAGNETIC FIELD Н 


Fig. 3—Carnot cycle for a thermomagnetic generator. 
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in consideration of energy conservation; hence, 


в=1—©. 


1 


(47) 


In this example, we can easily compute О; апа 
О» from (28). During an isothermal transforma- 
tion (at either 7, or 7%), the amount of heat 


input is 
H' On н’ 
= dQ =T— Нан 
е J, е эт}, 


атан" но), (48) 
ог, according to (41), 
Q- —4ATOI" ID), (49) 


where 7`< Ө. From the cycle of Fig. 3 and using 
(43) for the adiabatic branches, we have — 


йй T-MIHi-1A (H? — H}, 
2 


and thus Z2 — H1! — —H;’. For the highest tem- 


perature Т, (49) yields 
Q:- 35A T.I — H1?) 


for heat input, 


(50) 


0.= —4AT.HS 


for heat output at the lowest temperature 7», and 
the efficiency by (50) is 
I Таа, 


[liz 


grt HORT: 
етк EE. част 


(51) 
This is the expected maximum efficiency for a 
Carnot cycle. 

Another cycle to be considered is the 7,H 
cycle shown in Fig. 4. The heat given to the sys- 
tem along the isothermal branches at Tı or Т 
can be computed from (49). In addition, we have 
to consider the heating process AB at a constant 
field H’ and the cooling CO under zero field. The 
heat input is 


0.= 018 +0вс= (T, HY(T.— Тэ) +H", (52) 
The heat output is 
|Q2| =|Qco| +] Qoa| 
=c(T,0)(Tı-T:)+ 


AT ayn 
2 , 


(53) 
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and according to (42), c(T,H) =c(T,O) =c. The 
efficiency becomes 


: (54) 
14 T3H" -Ecy( T4 — T3) 


EY! TV,H"?-Ecy(T1— T3) 


and is obviously smaller than the efficiency for 
the Carnot cycle. If the heat capacity co be large 


TEMPERATURE T 


MAGNETIC FIELD H 
Fig. 4—T,H cycle for a thermomagnetic generator. 


enough, the efficiency may become very small, 
as seen from simplification of (54). 
Tiı— T: 

2€o 


Pit aua T3) 


(55) 


бтн = 


4. Actual Thermomagnetic Generator and 
Its Cycle for Case of B(T,H) - u(T)H 


4.1 OPTIMUM CURRENT AND POWER 


Assume a structure like that represented in 
Fig. 5, with a magnetically soft? component of 
variable temperature T in a field H with a large 
average component Hy due to a permanent mag- 
net, plus the field induced by the current 7 in 
the coils: 


in meter-kilogram-second rational units, where 
ny=number of turns of the coil per unit length, 
п = nol —total number of turns for a coil of length 

3 Magnetically soft refers to materials with high y’s, in 


contrast to magnetically hard materials used for permanent 
magnets. 


1. The temperature is supposed to vary sinu- 
soidally, 

T=T.+6 sin ot. (57) 
Highest temperature = Т. = T, 4-5 © Ө. 
Lowest temperature =Т= T, —b. 


The permeability consequently follows a similar 
law: 


u= ua — Аб sin ot, 
Ha 7 (Ts), 


are average values assuming for u(T) the same 
temperature dependence as in (41) and taking 
for A the average value of —(dp/dT) over а 
whole cycle. The magnetic induction is 


B=pH = (ua — Ab sin wt) (Hotnot). 


Let us assume the coil to be connected to a re- 
sistance R and write the electrical equation of 
the circuit. Calling ¢=SB=the flux through a 
turn of surface S, we have 


(58) 


(59) 


dó сав ; 
na; nS di Ri, (60) 
'or, according to (59), 
pannos E nn SAT (i snot) -Ri 
: dt dt 
=5АЬН соз wt. (61) 


In the first term of this equation, we recognize 
the self-induction of the circuit, 


L= pnns. (62) 


PERMANENT 
MAGNET 


MAGNETICALLY 
SOFT COMPONENT 


Fig. 5—Magnetic circuit of a thermomagnetic generator. · 
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Assuming that the magnetic field due to the 
current 4 remains small? compared with Ho, 


ni<Ho, (63) 


we may ignore the second term as being small 
compared with the right-hand term, and obtain 
di | 

Lgr = Bw cos wt, (64) 

where 8=nS4bHo. We are not interested in the 


transients at the start of the operation, and look 
only for the final steady-state oscillations. 


4= Іеї, (65) 
Bw . 1 
where Ї ГЕ , which becomes maximum for 
R=oL....|Imax| =8/2'L. The power output is 
BR 
P-uuree (E. 0 
and becomes maximum when 
R=La, 
_ Bie 
Prax = ат 
о nS (67) 
= (42Нъ)? 
V 
= (AbEL)?, 


according to (62) and (64), where ~=ml and 
V= Sl is the volume of the sample. 

If the highest temperature is the Curie tem- 
perature Ө, for which и is practically zero, we 
must state 


(x(T)-u(0)-u.—Ab-0 (68) 
in (58), and (67) then reduces to 
Pras = Фын, 

апа (69) 
Т, = Tatb =6, 


where д„=д(Т„) =Ab=$y (To) = рх. The work 
done per cycle and per unit volume is 


W r 
РЕЦ 2 
Vf gua Ho. (70) 

? Retaining d/dt(i sin wt) in the equation does not ma- 
terially change the practical results of the discussion but 
introduces higher harmonics in the current. 


ELECTRICAL COMMUNICATION 


4.2 EFFICIENCY OF GENERATOR 


We must now investigate the heat input of the 
system at different phases of a complete cycle to 
compute the efficiency. Let us assume the opti- 


. mum resistance (67) in the electric circuit that 


will result in a current (65); 


CEP p JM E i-1)| 
Tay - dant Pg ау, 


Or 
1 2. cos | wi Ln 
23L 4 
8 Е (71) 
а) 
23L 4 
Hence, 


H-H SS an (2) 


according to (56). Referring to (62) and (64), we 
have 
Bro _ nny SAbHy 
2p - 25 nnoS 
Ab 


= ji, P 


1 
э» 


when the highest temperature is the Curie point 


TEMPERATURE T 


Hy 
MAGNETIC FIELD Н 


Fig. 6—Magnetizing field plotted against temperature. 
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Ө and (68) is satisfied. Then, 


н=н|[1+ sin (2+2) $ 


Comparing (72) and (57), we obtain the H,T 
cycle plotted in Fig. 6. If we compare (72) with 
(59) and (63), we see that the variable term, 
representing the field due to current 7, is not very 
small (9,/2* compared with Ho). A more detailed 
calculation shows, however, that this only intro- 
duces harmonics in the current without much 
change in the main contribution. For a small 
transformation dT, dH (equation (28)), 


(72) 


à 
dQ-c(T,H)dT4- T HiH, 


gives the heat input per unit volume. Or 


dQ-c(T,O 4T —ATHdH, (73) 
when we use the magnetization law of (41). We 
can treat the heat capacity с(Т,0) as a constant 
Co, and use (57) and (72); 


dQ ат, d(H?) | 
a Ua a 
== Cobw COS wi 
d I. 2 74 
urat (1455 sin °) pee) 
dt 21 
: ad 1. 3 
— 44b sin ӘН: 1+3 sing) , 
where we have ¢=wi+ (7/4); now, 
d 1 NS par 
Hiri sin в) = w2? cos (i sin e) 
— «2! cos $45 sin 26. 
Then, 
140 _ d з 
T = Cob cos ot — FF H0 cos ф 
3 A : 
-ETM sin 26 —44bHà sin wi cos ф 
| "E 
—=bH6 sin wt sin 26. (75) 


4 
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This equation may be put in the form 


A F A 
+ cob cos wt— zil Ho cos o+9bHo sin wt 
A te AbH? . т 
Es 4 L«Ho sin 26—5 x2i sin (2452) 


A 
ЬН? sin Зоі. 


s (76) 
The net input for a complete cycle is 
t=2r/w dQ е т " 

a= f^ ài dt — A^bHo, (77) 


since only the first constant term contributes to 
the integral taken over a whole period. This 
corresponds exactly to (70), relating to the 
work done by the system per cycle for energy 
conservation. 

As in the examples discussed in the preceding 
section, we must distinguish between the heat 
input Q1 during one half of the cycle, and the 
heat-output Q»— — |Q:| during the other half. 
The net input g is i 


g=Q:+Q2=Qi—|Qz]. 


To compute the heat input, we integrate from 
wt=6 to wt —0---, and we choose 0 such as to 
make О, maximum and positive.” The integration 
of terms in 2¢ or 2wt obviously gives zero. Re- 
placing ф by wi+7/4, and expanding and re- 
grouping terms, we obtain 


4-7 T 
i= rato f [(« — ЧАН) cos ot 


+(% zm sin et АН sin sat at (79) 


(78) 


or - 
: TS NN E 
Q1i-iq4-b 2c, —, AHo sin 0 


-(i an cos 0--315:4 H$ cos »| 


1 This means that we choose a half cycle during which 
heat is given to the system, while the other half cycle, 
from 8 + т to 8 + 2r, corresponds to heat released by the 
system. 
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The last term is small and may be dropped. Then, 


` 2 i 2 i 
ое (2s ана) (1) а] - 
(80) 


The thermodynamic efficiency is given by 


_4 
=J; 


2 i 
sat Qe- т.анфу+(+т.) а] 


_ т/2 , (81) 


T LO - Xy Q- Xy 


using (77) for q and putting D —2c/AII$ and 
X =T,/b. We must discuss the variation in effi- 
ciency when the temperature variation AT =2b 
is continuously changed from 0 to its maximum 
(and unattainable) value 274, when b= T.. This 
corresponds to a variation of X from infinity to 1. 


4.2.1 Case T 


If bKT./D and X» D, 


іт 2rb тАТ 


& CYR23X rht4X2T, AXBT, 


(82) 


Then, efficiency amounts to 7/4 X 2?=0.555 times 
the corresponding Carnot efficiency, 6,2 AT/T3. 


4.2.2 Case II 
If b=T,/D and X=D, 


Nia 


би 
а+Х+4 | (83) 
_ 2т 

~ @r+1+4D 


2 


maximum. When b is increased further, the 
radical goes through a minimum that corresponds 
to maximum efficiency: 


(D- X) хр, 
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and 
T 


2 _ 2r UT 
т 1 ЖАШ 1 , 
430 T3) T4 2X2D 


Emax = 


when D is large. 


4.2.3 Case III 


Larger values of b, if they can be obtained, 
yield a finite efficiency; if b> T,/D, X«D, 


т/2 2т т 


for large D values, and the variation of efficiency 
with respect to b is represented by the curve of 
Fig. 7. The question of whether the maximum 


EFFICIENCY £ 


CASE I 


MAXIMUM 


1/0 CASE 1I 
: b 


Fig. 7—Efficiency б plotted against b; 1/X =b/T» 


can be reached depends on its position, for we 
always have the limitation 


1 b 
l-2 xi, 


X Т, (86) 


Much will depend on the actual value of the 
coefficient 
2с 


р-я, 


THERMOMAGNETIC GENERATOR 


309 


where co=heat capacity per unit volume under 
zero magnetic field, 
—A=0u/dT —average rate of change of 
(T), and 
H-—average magnetic field from perma- 


nent magnet. 


This coefficient D is a dimensionless quantity 
that can be written 


D- 2coAT — AQ 


ЛАШ ДАЮ,’ 
AQ=c, AT, (88) 
AW, — Дин, 


in meter-kilogram-second units, where 


AQ —caloric energy needed to increase the tem- 
perature of a certain volume of matter 
by AT, 


AW,-corresponding increase of magnetic 


energy. 


5. Actual Thermomagnetic Generator and 
Its Cycle for B(T,H) = B(T,O)--uAH 


5.1 OPTIMUM CURRENT AND POWER 
We may derive expressions for optimum power 
and input energy in a manncr similar to the pre- 


ceding case. In (34), ua is taken to.be nearly inde- 
pendent of temperature; hence, 


ӘВ(Т,Н) | ӘВ(Т,О). 
oT ^ oT 


In centimeter-gram-second electromagnetic units, 
B(T,O) = &rpo(T). (89) 

We may write 
ezc-k(0 — T), 


where k =a constant. Then, B(T,O) = 4rpk(0 — T) 
in centimeter-gram-second electromagnetic units, 
or 


(90) 


B(T,O) - K(0—T) (91) 


in meter-kilogram-second unitsif К = 4p Xk10-+. 
In the meter-kilogram-second system, 
ил — huo, (92) 


where h has a magnitude of a few units and 


po = 1.26 «10-8. Hence, 
B(T,H)-B(T,O)--u4H =K(0—-T)+hyoH (93) 


as shown in Fig. 8. Using these values in (36) 
and (38), we obtain c(T,H) =c(T,0), and 


dQ=c(T,0)dT —KTdH. (94) 
The equation of the generator will be 
E-nS TA (T.H), (95) 
where 
B(T,H) = B(T,O) +4a(Ho+noi) (96) 
and 
Ls BOUT „й. 
E=ns dT di TS,nuan (97) 
Assuming 7'— Г.-б sin wt, we have 
Е = —nSKbo cos ot +L =— Ri, (98) 
and, finally, 
LË Ri = В'о cos wt, (99) 
В =nSKb. 


This equation is identical in form to (64); 
however, there is no restriction such as (63), i.e., 
the only requirement is that 


not € Ho. (100) 
The solution of (99) is given by 
i— Ie exp[ jut ], 
Be 
joL+R 


where [= 


Again, for optimum conditions, eL = №, and 
we obtain (see (65) and (67)) 


Іо этр , 
(101) 
i= Ly sin (a+) 5 
апа 
wV 
Pott. (102) 
4рд 


Also, іп view of (99) апа (100), 


Kb 
molas мне 
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Now, since it is desirable to increase mI as 


much as possible, we take моь = Но, and the 
total H becomes 


нент (+7) | . 


It is to be noted that the maximum current here 
will be 2! times greater than for the preceding 
case of (72). 


(103) 


Setting ф = ott in (103), 


H=H)(1+sin ф), 
and 


. d= oH, cos фй. 


5.2 EFFICIENCY 


The heat input for unit volume is given by (94) 
and, with the aid of (57), 


іН 
“ =c(T, ott di 7 кте? 
(104) 
= соро COS wt 
— K(T',4-5 sin wt)wHo cos ф, 
ог 
14 
100 cos ot — KT,H, cos d 
— КЪН, sin wt cos ¢, 
or 
1d 


Ж cos wt~KT,H) cos ф 
w dt 


1 . 
exin] i sin (20+4)| * (105) 


The net input for a cycle is 


2т/о 
а= |. (5 Pusa ЭКЪНь. 


To compute the heat input, we again integrate 
over a half-period 6, 6--т, where @ is chosen so as 
to make О, maximum and positive; this means 
that we choose the half-cycle when heat flows in 
and exclude the other half-cycle in which heat is 
released. 

By carrying out this integration, 


Qi — 3qJ-cob[sin (0-7) — sin 0] 


-KTH sin (e) — sin СӘ] 


(106) 
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=}q—2cob sin 6+2KTWH> sin (o7) ; 


=}9+2[(cob)?+ (KT Ho)? 
—WegbKTH}- (107) 


Now the thermodynamic efficiency of the 
generator becomes 


me 
Qı 


БЕ 4 
“за Fob) HETH)? 


QeobK TH | 
(108) 


Substituting for д from (106) in the preceding, 


7 
2*2? EH, + КЪП, 
Setting X —7,/b and P—c/KH^, and noting 


that Р=су/—4трН(де/дТ) and D=2c)/AH6 
= 2co/ — 4трНо(до/ӘТ), hence P=D/2, where D 
is given by (87) and (88), we obtain 


т 


&= (110) 


jT 2X2(PH-X! АРХ) 
As in our previous discussion, when P is given, 
6 depends on X. 


5.2.1 Case I 
For ХР (or small 6/T,=AT/2T,), 
T T [АТ 
ie ( ) ‚ (111) 
~ уса AX2*\ Ta 
T42x2X * di 


or, as in the preceding case (82), 612—0. 55X 
Carnot efficiency. 


5.2.2 Case IT 
For P>1, X=P, and b=2T,/D, 
2 
bn =— a. (112) 


т+4.30Р 2.15P 


If b increases further, the radical in (110) goes 
through a minimum and this gives maximum 
efficiency; this is obtained by the usual differ- 


 entiations which yield 


1 X 
‚== 
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a 


SLOPE* c, (T) 


INDUCTION B 


o 
MAGNETIC FIELD H 


Fig. 8—Magnetization characteristic of the magnetically 
Soft component in a thermomagnetic generator. 


and 
T; 27, P 
(ADU 
Hence, 
2x2i1T,. 4X2!T, 
Ате = D (113) 
and 
т т т 
Emax = T т OP D ? (114) 
gj 2X BEP H4 -1)]! 
when P>1. 


5.2.3 Case III 


For larger values of 5, if they can be obtained, 
we reach a finite efficiency; i.e., for 


X=T,/b=2T,/ATKX opt 
or 


бт ——————— = Sa 
23D 
F+H2X2P jT 0D 


For the case of Fig. 8, we obtain an efficiency 
curve that is quite similar to that of Fig. 7, ex- 
cept that the values are increased by a factor of 
21. This is also true of the optimum Т (compare 
(113) and (84)). 

Summarizing our results for the two types of 
magnetization characteristics, i.e., B-yu(T)H 
and B(T,H)-— B(T,O)--u4(H), we find that the 
latter yields optimum current and over-all effi- 
ciency larger by a factor of 2? than the former. 
As already pointed out, the latter magnetization 
characteristic is also a closer approximation to 
the actual curve. 


6. Increase in Carnot-Cycle Efficiency 


The Carnot-cycle efficiency of the proposed 
system, hence the over-all efficiency, may be in- 
creased by connecting a number of these gener- 
ators in series, using magnetically soft compo- 


nents with descending Curie temperatures. 


In such a series arrangement, the heating fluid 
leaving the first machine would enter the second, 
then the third, and so on. A similar arrangement 
could be used for the cooling fluid. 

- In concluding this discussion, it should be em- 
phasized that the foregoing represents only a 
first approximation, because the following effects 
have been ignored: 


A. Hysteresis. 
B. Nonlinearity in B versus H relations. 
С, Nonlinearity in и versus T relations. 


D. Weiss’ magnetocaloric effect that corresponds to anom- 
alous specific heat near the Curie point. 


These effects would decrease the efficiency and 
result in harmonics in the output of the gener- 
ator. It should be added, however, that by a 
proper choice of the magnetically soft component 
having a high value of d¢/dT, and by using a 
series arrangement of such generators, as de- 
scribed, it should be possible to improve the 
over-all efficiency. 


Recent Telecommunication Development 


E Ric Monitor—Federal Telecommu- 
nication Laboratories has developed a 
television station monitor, which measures the 
carrier frequency of the picture transmission and 
the center frequency and percentage of modula- 
tion of the sound transmission. An overmodula- 
tion indicator is provided and will operate an 
alarm when a preset percentage of modulation is 
exceeded. 

The monitor for the amplitude-modulated 
picture transmitter has an accuracy of frequency 
measurement within two 
parts in a million with 
proper calibration of 
the reference oscillator, 
witha long-time stability 
of frequency within one 
part in a hundred thou- 
sand. The accuracy of 
center-frequency indica- 
tion for the frequency- 
modulated sound trans- 
mitter under conditions 
of 100-percent modula- 
tion is within two parts 
in a million with proper 
calibration of the refer- 
ence oscillator. The long- 
time stability of fre- 
quency measurement is 
one part in a hundred 
thousand. The “off-fre- 
quency”’ indicator has a 
full-scale calibration of 
+ 3000 cycles. 

Modulation measure- 
ments are based on a 
frequency deviation of 
+25 kilocycles for 100- 
percent modulation. 
Modulation percentage 
and overmodulation in- 
dications are performed 
within 5 percent. 

Thesound-transmitter 
monitor is linear within 


` 0.5 decibel from 50 to 15,000 cycles. The in- 


herent noise level is 75 decibels below a reference 
level corresponding to 100-percent modulation, 
and over-all inherent distortion does not exceed 
0.25 percent. 

Remote indicators may be used for the major 
monitoring services including the overmodula- 
tion indicator and all meters. Monitors are avail- 
able for any specified channel assigned to tele- 
vision in the U.S.A. (44 to 88 and 174 to 216 
megacycles). 
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_ Sumitomo Electric Industries, Limited, Osaka, Japan 
-. Standard Telefon- og Kabelfabrik A/S, Oslo, Norway 


Standard Electrica, Lisbon, Portugal 

Compañía Radio Aerea Maritima Española, Madrid, Spain 
Standard Eléctrica, S.A., Madrid, Spain 

Aktiebolaget Standard Radiofabrik, Stockholm, Sweden 
Standard Telephone et Radio S.A., Zurich, Switzerland 


Telephone Operating Systems 


Com айа Telefónica Argentina, Buenos Aires, Argentina 


Compañía Telegráfico-Telefónica Comercial, Buenos Aires, 


_ Argentina 


| Compañia Telegráfico-Telefónica del Plata, Busnes Aires, 


Argentina _ 
Companhia Telefonica Paranaense S.A., Curitiba, Brazil oe 
Companhia Telefonica Rio Grandense, Porto Alegre, Brazil 


|. Companía de Teléfonos de Chile, Santiago, Chile 
Compañia Telefónica de Magallanes S.A., Punta Arenas, Chile _ 


Cuban Telephone Company, Havana, Cuba | 
Cuban American Telephone and Telegraph Company, Ha- 
- vana, Cuba . 


Mexican Telephone and Telegraph Company, Mexico City, 


Mexico 
Compañía Peruana de Teléfonos Limitada, Lima, Peru 
Porto Rico Telephone Company, San Juan, Puerto Rico 


Shanghai ipae р Federal, Inc., U.S.A., ae io 


аі, 


Radiotelephone and Radiotelegraph Operating Companies 


Compañía Internacional de Radio, Buenos Aires, Argentina _ 
Compañía Internacional de Radio Boliviana, La Paz, Bolivia 


Сошрпша Radio Internacional do Brasil, Rio de Janeiro, 
raz 


Compañía Internacional de Radio, S.A., Santiago, Chile 
Radio Corporation of Cuba, Havana, Cuba 
Radio Corporation of Porto Rico, Santurce, Puerto Rico! 


\Radiotelephone and Radio Broadcasting services. 


Cable and Radiotelegraph Operating Companies 
(Controlled by American Cable & Radio Corporation) 


The Commercial Cable Company, New York, New York? — 
| Mackay Radio and Telegraph Company, New York, New 


(Yon 


All America Cables and Radio, Inc., New York, New York* 


Sociedad Anónima Radio Argentina, Buenos Aires, Argentina? 


*Cable service. ‘International and Marine Radiotelegraph services. 
‘Cable and Radiotelegraph services. * Radiotelegraph service. 


Laboratories 


: Teede] Telecorrunication Laboratories, Inc., New 


York, New York 


Telecommunication Laboratories, Inc., Nutley, New 


Standard Telecommunication Laboratories Lid., London, 


Laboratoire Central de Télécommunications, Paris, France ^ 
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Ferdinand Braun—lInventor of the Cathode-Ray Tube 


By GEORGE LEWIS and F. J. MANN 
International Telephone and Telegraph Corporation, New York, New York 


N 1897, Professor Ferdinand Braun, then at 
the University of Strasbourg, published the 
first description of the cathode-ray tube.! 

It is characteristic of Braun's whole life and 
career that the fiftieth 
anniversary of this in- 
vention, said to rank 
second only in impor- 
tance to de Forest's 
audion in the fields of 
communications and 
physics, passed without 
a single public reference 
to it or to its inventor. 
This, even though today 
television is making 
most rapid strides and 
the one indispensable 
component of all televi- 
sion receivers is the 
cathode-ray tube—or 
Braun tube as it was 
originally named. 


Cathode-Ray Tube 


. Braun developed the 
tube to investigate high- 
frequency phenomena. Arranged as an oscillo- 
graph, this tube provided a means of representing 
the passage of currents and voltages in respect 
to time at higher frequencies than were possible 
with the then-available loop oscillograph, the 
inertia of whose moving coil limited its upper- 
frequency range. The cathode-ray tube has 
proved applicable to all electrical fields in which 
rapidly occuring phenomena are involved, not 
only in high-frequency physics, but also 1n iono- 
spheric research, television, and radar. 

The method of producing the peculiar type of 
rays called "cathode rays” and the possibility of 


1F. Braun, "Ueber ein Verfahren zur Demonstration 
und zum Studium des zeitlichen Verlaufes variabler 
Ströme,” Annalen der Physik und Chemie, v. 60, п. 3; 1897. 


deflecting them by a magnetic field were already 
well understood in 1897. Long before that time, 
exhibits known as ‘‘physical cabinets" traveled 
with side shows throughout Europe. They de- 
monstrated the Crookes, 
Geisler, and Hittorf 
tubes. Although ele- 
mentary textbooks of 
that period mentioned 
the deflection of cathode 
rays, no one before 
Braun had worked out 
a way of applying this 
knowledge to a useful 
purpose. 

Besides being able to 
generate cathode rays 
and knowing that they 
could be deflected mag- 
netically, Braun was 
aware that a cathode- 
ray beam would cause 
the walls of the tube, 
when suitably coated, to 
glow with flourescent 
light. He reasoned then 
that, by concentrating 
the beam and controlling its deflection, it could 
be made to draw figures and patterns in light. His 
tube differed from present-day cathode-ray tubes 
chiefly in that it employed. а cold cathode. His 
own description? of the tube follows. 


Fig. 4 indicates the approximate form and size of the 
tube. The method is based on the deflection of cathode rays 
by magnetic means (and, if desired, electrostatic means). 
K denotes the aluminium cathode, A is the anode, C is a 
diaphragm of aluminium or glass with a centre hole of 
about 2 mm. diameter, and D is a screen of mica or glass 
(the latter material is better for photographic purposes) 
provided with a coat of phosphorescent paint. In order to 
obtain a smaller speck of light, a second diaphragm may be 
provided, this diaphragm being placed some 20 cm. in 
front of C. The back of the cathode K is embedded in 


Е, Braun, "Phase-Shifted High-Frequency Oscilla- 
tions," T'he Electrician; January 19, 1906, 
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glass. The cathode ray deflects under the action of the 
earth’s magnetism, but is given the desired direction by a 
small magnet placed near the tube. In order to deflect the 
cathode ray by the current under investigation, I provide 
а small coil (called "indicator" coil) which is placed near to 
the diaphragm, and whose axis isat right angles to the tube 
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Сору of Fig. 4 from Braun’s description of the original 
cathode-ray tube. 


axis. Since the lines of force from this coil are divergent, 
thus leading to a distortion of the cylindrical flux of cathode 
rays (and to a speck of light more or less elliptical in shape), 
it is of advantage to employ two coils, one on the right- 
hand side and the other on the left-side of the tube. A more 
homogeneous magnetic field is secured in this way. Such 
tubes are supplied by Franz Miiller (the successor of Dr. 
Geissler). They do not all turn out equally good. The di- 
mensions given in Fig. 4 refer to one of my first tubes. Since 
that time the dimensions as also the form of the anode, &c., 


have undergone changes in a number of ways. When the 
oscillations are rapid and of a high voltage, the tube is 
surrounded near the diaphragm by moistened filter paper 
(or provided with a layer of glycerine) so as to prevent 
electrostatic effects which may otherwise become very 
troublesome. 


‘Early Life 


Professor Braun was born on June 6, 1850, in 
the little village of Fulda, principality of Hesse, 
Germany. Little is known of his early life except 
that he studied at the Universities of Marburg 
and Berlin. He left there with Quincke, with 
whom he was particularly friendly, to become his 
assistant at Wiirzburg. Later he became head- 
master of the Thomas School in Leipzig. In this 
position, he also worked extensively in physics. 
He was one of the few secondary-school teachers 
of his time who had an enthusiasm for science 
and the energy to be active in this field despite a 
strenuous teaching career. 

Throughout his lifetime, Braun was noted for 
his broad interests and simple, even democratic, 
tastes. He liked to travel and enjoyed painting 
and sketching. He loved to roam the Tyrolian 
Alps with his children and invariably he would 
draw on the backs of penny post cards comical 
sketches of amusing persons he met on these 
trips. After he had filled in droll captions for each 
sketch, he would mail them to his wife or friends 
back home. 
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On one such trip, an incident occurred that 
illustrates the rare and incisive humor that was 
always present even in classroom and serious con- 
versation but which just bubbled over when he 
was on a holiday. On this occasion, he visited a 
small Alpine inn for lunch. Toward the end of the 
meal, he inquired if there were any chicory in the 
house. Two unopened packages were brought to 
him. He then asked if they had an opened pack- 
age and that, too, was produced. “Now,” said the 
professor with great dignity but with an amused 
twinkle in his eye, ‘will you make the coffee for 
us? I will keep the chicory here to insure that 
none gets into it." 

Although Braun encountered many difficulties 
in life, his humor never left him. This probably 
explains his willingness to tackle the most ex- 
acting tasks and invariably to triumph over 
them. For example, he was tone deaf, but he 
gave brilliant lectures on acoustics. 


Academic Rise Rapid 


Braun received his first academic professor- 
ship in 1876 as professor of theoretical physics at 
Marburg. In 1880, he went to Strasbourg in the 
same capacity and then, іп 1883, to Karlsruhe. 
At the time Braun was at Strasbourg, Kundt was 
working there. The two men had many things in 
common in relation to their scientific work and 
Braun was apparently in very good standing with 
the older man. From Karlsruhe, Braun went to 


ESN 


Birthplace of Braun at Fulda, Germany. 
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Photograph of an original type of Braun tube. The anode, in this type, was located in the side of the tube. An 
aluminum thimble located halfway between the cathode and screen provided the aperture that formed the beam. 
The fluorescent material was supported on a flat mica screen, the observer’s side of which was divided into centi- 
meter and millimeter squares. This tube is now part of the historical collection of vacuum tubes of R. McV. Weston.’ 


the University of Tiibingen in 1885 as ordinary 
professor of experimental physics. 

At that time, it frequently happened that a 
private lecturer, who became well known as a 
result of outstanding experimental work, or as 
a professor of theoretical physics, or who had 
published the results of theoretical investigations 
considered to be outstanding, became ordinary 
professor of experimental physics. 

Braun's appointment to the University of Tüb- 
ingen was based on his early work in physics. 
One of his first problems was that of explaining 
the interactions in galvanic elements. He cor- 
rectly determined thc method of computing 
electromotive forces from thermic data. Previous 
to his work, it was believed that the electromo- 
tive force of a galvanic element could be com- 
puted from the heat of reaction generated in the 
chemical process. The shortcomings of the old 
viewpoint were disclosed by Braun through cer- 
tain theoretical considerations and also by meas- 
urements, which are still valid. The electromo- 
tive force may be larger or smaller than the 
value derived from the heat of reaction. To 
achieve a clear explanation, Braun applied the 
second law of thermodynamics in a paper that 
appeared in 1878. In 1882, Helmholtz treated the 
problem by introducing the idea of free energy. 

Braun was also the first to investigate the 
dependence of pressure on electromotive force in 
a galvanic chain. This special problem was 
treated fundamentally by Gans at the Stras- 
bourg Institute. Occupation with these problems 

3R. McV. Weston, “A Museum of Electronic Appa- 


ratus," Electrical Communication, v. 17, pp. 133-142; 
October, 1938. . А 


stimulated Braun to establish the Braun-Le- 
chatelier principle. The principle did not prove 
valid in the general form in which it was ex- 
pressed. However, Braun’s work attracted atten- 
tion because it contained proof that the treat- 
ment up to that time was based on an incorrect 
assumption. 


Founds Institute of Physics 


Braun’s appointment to Tiibingen involved a 
very responsible task for one of his youth, for he 
was given the assignment of setting up an insti- 
tute of physics at the university. This assignment 
brought him, as it would no doubt have brought 
anyone in the same position, much joy as well as 
a great many difficulties. However, his efforts 
proved successful and he found much to enjoy 
at Tübingen. 


Studies Electrocapillary Reactions 


In 1891, he discovered a new electrolytic 
phenomenon he called Electrostenolyse. If current 
is allowed to pass in an electrolyte through a 
narrow slit, for example, the crack in a glass 
plate, an electrolytic deposition occurs at this slit 
like that at an intermediate electrode. This re- 
markable result was investigated carefully by 
Braun. In connection with this work and Bequer- 
el's investigation, Braun looked further into 
electrocapillary reactions. These are reactions 
between two solutions that diffuse into each 
other through the pores of a porous wall which 
separates them. 

At àbout the same time, Braun busied him- 
self with phenomena involved in what were 
called Tropfelektroden, He indicated that Pellat's 
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conclusion that there is no potential difference 
between the metal and a solution of its salt is 
incorrect. He gave consideration to the chemical 
reaction resulting from quicksilver dropping into 
liquids, or, as it would now be described, adsorp- 
tion reactions. Further, he was the first who for- 
mulated the relation between volume change 
occurring in dissolving a salt in its saturated 
solution and the dependence of the solubility on 
pressure; also, that he placed this relationship on 
a thermodynamic basis. Braun further proved 
the interesting fact that compressibility of water 
in which certain salts are in solution is less than 
of pure water. 

Braun was always primarily concerned with the 
consideration of principles. However, not only 
are his assumptions and results significant, but 
also the methods of his experimentation. He 
possessed an extraordinary talent and high orig- 
inality in devising means of facilitating experi- 
ments. Consequently, his measuring arrange- 
ments and apparatus were of great interest and 
have been widely adopted in physical investi- 
gation and measuring technique. To give an 
example, in his study of the dielectric constant of 
rock salt for different crystallographic orienta- 
tions, he described a simple electrometer. This 
‘ingeniously constructed instrument is notable for 
simplicity, convenience in handling, and low 
capacitance. Known as the Braun high-tension 
electrometer, it is still widely used. It is regarded 
as ideally suited for laboratory demonstrations. 


Writes About American Indian 


During this same busy period, although he won 
further honors with his serious scientific work, 


Braun must have found time to continue pursuit | 


of his hobby of traveling, for he also undertook 
the task of writing a book about the American 
Indian. This was a work of juvenile fiction en- 
titled Conanchet oder Die Ansiedler in Connect- 
icut published in Leipzig in 1891. | 

When Braun reluctantly left Tiibingen in 1895 
for Strasbourg, the Mathematical Society of 
Tübingen presented him with a farewell gift, 
which indicated that his good humor and earnest- 
ness had won him many sympathetic friends 
during his decade there. The gift was quite 
unusual and resulted from his habit, particularly 
at lectures in physics, of estimating roughly a 


result in advance or of calculating it, as he called 
it, “оп pad and paper.” In fact, the story is told 
that at one lecture he had to calculate 2 X 25. 
He immediately set it down on “раа and paper" 
and went on with his lecture as follows: ‘‘Instead 
of taking 2 X 25, we take 2 X 30, the result 
should, therefore, be around 50." Fittingly, his 
farewell gift was a one-place table of logarithms 
to be used “to calculate on pad and paper." 


Wins Nobel Prize 


It was when Braun returned to Strasbourg that 
he began the research on radio communication 
that won for him, jointly with Marconi, the 
Nobel Prize awarded in 1909 in physics. Although 
it is generally remembered that Marconi re- 
ceived the Nobel Prize, few persons today realize 
that the Italian inventor actually shared this 
honor equally with the German scientist. Among 
the reasons for Braun's relative obscurity was his 
own attitude. He considered himself a scientist 
апа not a publicist. He had no patience with 
pomp and show. 

His democratic, simple attitude toward him- 
self and his work is perhaps best illustrated by an 
incident that occurred while he was at Stras- 
bourg. At the time, a chair became free at the 
University of Berlin and Professor Braun was 
asked to confer with the Chairman of Education. 
A professorship at this most important institu- 
tion was then probably the highest honor to 
which any German could aspire. "Professor 
Braun, how would you like to come to Berlin and 
what are your conditions?" he was asked. 

His characteristic reply was, “I do not know 
the value of money in Berlin. Where I am, I can 
walk downstairs to work and, if I want to work 
until midnight or until 2 A.M., it is not far to go 
to my bed. But, if I come to Berlin, I am told I 
would need a car and a chauffeur. Where I am І 
can take a third-class railway carriage to the 
mountains. In Berlin I would need a first-class 
carriage on an overnight trip for myself and my 
children. Thus, my conditions are: Can you 
match Strasbourg—match it in the time and 
freedom to work—match it in time and freedom 
to live, and in the atmosphere I love?" 

Justification for Braun's share in the 1909 
Nobel Prize is probably best given in the follow- 
ing excerpt from the speech addressed to him and 
Marconi on the occasion of the award. 
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Marconi’s original arrangement had one weak point. 
The electric waves sent out by the transmitter were of com- 
paratively small power and were composed of waves rapidly 
decreasing in intensity, so-called damped waves. For this 
reason, the influence of the waves on the receiving system 
was only small and the waves of different sending stations 
could disturb the receiving system. It is principally due to 
the intelligent and thorough efforts of Professor Braun that 
these difficulties have been overcome. Professor Braun 
changed the methods of producing electric waves in such a 
way that more powerful and less damped oscillations could 
be emitted. By this method only, was long-distance teleg- 
raphy rendéred possible, as the waves thus transmitted 
were such that they could influence the receiving system in 
the most efficient way by means of resonance. The further 
advantage was gained by this new arrangement that mainly 
waves of the frequency of those emitted by the sending 
station could have an effect on the receiver. The great 
successes in wireless telegraphy that we have witnessed 
during the past years could be achieved only by the intro- 
duction of this new method. 


Early Work in Wireless Telegraphy 
About 1898, Braun was approached by mem- 


bers of the Stollwerck family, famous as сһосо- 


late manufacturers, for advice regarding an 
opportunity to invest in a new wireless company. 
He proved that the company had been formed 
around a scientific fake. These investigations 
stimulated his interest in the then new science 
and eventually led him to the discoveries and 
improvements credited to him. He invented the 
so-called closed circuit for radio transmitters and 
receivers. He also received credit for the substi- 
tution of the crystal detector for the clumsy 
coherer and he carried on pioneering experiments 
with loop antennas. 

At the time when Proféssor Braun began his 
work on the problems of wireless telegraphy, 
popular interest in the subject had reached its 
peak. As early as 1865, Maxwell had published 
his paper “Ол a Dynamical Theory of the Elec- 
tromagnetic Field" in which he stated the belief 
that electric action is propagated through free 
space in the form of a disturbance that travels 
with the velocity of light. In 1888, Hertz pub- 
lished an account of his experiments on the 
electromagnetic effects of rapid electrical oscil- 
lations and showed that the result of such os- 
cillations was the propagation through space of 
periodic disturbances that had the character- 
istics of wave motion. T'wo years later, in France, 
Branly used a tube containing iron filings, the 
coherer, as a detector for Hertzian waves. In 


1892, Crookes delivered a lecture predicting long- 
distance wireless communication using Hertzian 
waves. 

With so many leading scientists approaching 
and predicting actual transmission of messages 
without wires, it was natural that interest should 
grow in intensity. What was also likely from such 
a situation actually happened; persons with little 
or no scientific knowledge were eager to put 
wireless telegraphy on a useful, paying basis. 
Still, scientists continued to approach the prac- 
tical realization of their dreams. In 1894, Lodge 
provided Branly's coherer with an automatic 
tapping device or decoherer, which improved its 
usefulness as a detector of Hertzian waves. In 
1895, Professor Popoff utilized the coherer with 
the Lodge “tapper” and a relay, together with an 
antenna wire and ground, for the detection of 
lightning and static. About this apparatus, Pro- 
fessor Popoff wrote* in December, 1895: 


Т entertain the hope that when my apparatus is perfected 
it will be applicable to the transmission of signals to a 
distance by means of rapid electric vibrations—when, in 
fact, a sufficiently powerful generator of these vibrations is 
discovered. 


Scientific Versus Cut-and-Try Experimen- 
tation 


At about the same time, Marconi was making 
transmitting tests with a Righi oscillator and 
attached antenna. For receiving, he utilized an 
arrangement essentially similar to that of Popoff. 
As early as 1896, Marconi was actually sending 
messages with this apparatus over distances of 
several hundred yards and on New Year's Day of 
1898 he transmitted 18 miles to a tugboat from 
Needles on the Isle of Wight, using a transmitting 
antenna 120 feet high. A year earlier, Professor 
Slaby of the Berlin Institute of Technology 
claimed to have transmitted approximately 34 
miles over land using an antenna 300 meters long 
carried by balloons. However, these experiments 
were merely of the cut-and-try variety. For 
example, during one of Marconi's trials, he spent 
two fruitless days trying to get his apparatus to 
work. Then he added 20 yards of wire to the an- 
tenna and signals were received perfectly. Since 
Marconi at that time used no tuning apparatus, 

* J. J. Fahie, “A History of Wireless Telegraphy," 2nd 


edition, Dodd, Mead and Company, New York, 1902; 
p. 205. 
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the additional wire probably brought the receiver 
closer to resonance with the transmitter. 

At this point it was clear that a knowledge of 
the basic principles involved was essential. Braun 
in his characteristic, scientific, tireless manner set 
out to determine these fundamentals. No one at 
the time knew exactly what was happening. For 
instance, no one knew the wavelength or oscil- 


lating frequency of the waves generated by the. 


Marconi transmitter. It was thought that very 
short waves of the order of one meter were gener- 
ated by the spheres of the spark gap in the Righi 
oscillator. 

Braun recognized that this could not. be 
correct. He reasoned that the antenna, which was 
grounded through the spark gap, should be con- 
sidered as a whole. The Marconi transmitter, 
therefore, did not operate with Hertzian waves in 
the narrow sense, but with much longer wave- 
lengths. This view, which now appears self-evi- 
dent, was then by no means universally recog- 
nized. 

Itis also of significance that Braun approached 
the whole problem as a scientist. He seemed to 
have no patience with the practice prevalent 
among some contempary researchers of develop- 
ing radio as one would bake a pie, that is, by 
adding something here or modifying something 
there, but without investigating the principles 
involved or measuring experimental results 
accurately. Braun belonged to the small group of 
excellent theoreticians and physicists to whom 
the really basic and fundamental radio develop- 
ments and discoveries should be credited. They 
were tireless, exacting workers who shunned 
publicity. Consequently, their less-scientific but 
more-voluble contemporaries often overshadowed 
them in public recognition. However, the many 
fine laboratories now in operation throughout the 
world, some of them shiny with newness, where 
emphasis on scientific methods has and will con- 
tinue to produce remarkable advances in radio 
and electronics, are perhaps more fitting monu- 
ments than dubious publicity to the type of 
` leadership Braun represented. 

While Braun insisted on measuring his results 
and checking his theories quantitatively, at the 
time very little laboratory equipment was avail- 
able to measure rapid oscillations and feeble 
currents. Measuring methods for direct or com- 
mercial alternating currents were not applicable 


in the radio-frequency spectrum. In principle, 
the application of resonant phenomena for mea- 
surement applications was known since Bjerknes, 
but these new methods had to be arranged fun- 
damentally for the newer art. It was precisely to 
make such measurements that Braun developed 
the cathode-ray tube. | 

It is a further tribute to Braun that he sur- 
rounded himself with capable men who were able 
to follow his demands and provide much needed 
apparatus and help in developing techniques. 
Men like Cantor and Professor Zenneck, who 
later becanie important researchers in their own 
right, were his able assistants. They enjoyed a 
sense of freedom and naturalness that went a 
long way toward instilling the devotion and tire- 
lessness that was even more precious to Professor 
Braun than the respect he received. No better 
proof of this can be given than to relate that often 
Braun would go to the bedroom of one of his 
assistants, sit down on the bed, and informally 
discuss the matter in hand. It was not that his 
assistants were all bedridden by illness, but, іп 
the intensity of their work, they often lost all 
track of time, working through the night and 
sleeping in the daytime. 

Always most considerate and kind, it seemed 
the most natural thing to Braun to visit an assist- 
ant if he had not shown up in the laboratory. At 
such times, Braun was prone to intersperse his 
technical description with jokes that he made 
up as he unfolded his latest scientific views. 


Application of Closed Circuit 


At the time of Marconi's work with the 
Righi oscillator, a means for generating long- 
wave oscillations—the so-called condenser cir- 
cuit—had been developed. The oscillatory 
charges of such circuits had been investigated by 
Feddersen as early as 1862, and later Lodge made 
resonance experiments with them. Braun imme- 
diately recognized the advantages of applying 
condenser circuits to radiotelegraphy. He rea- 
soned that the wireless-telegraph transmitter 
presented two types of problems. First, the 
strongest possible high-frequency alternating 
current had to be generated and then this 
current had to be converted to radiation, i.e., to 
electromagnetic waves. The Marconi trans- 
mitter operated with an open oscillatory circuit, 
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which acted as a good radiator, but which im- 
posed definite limitations on the generation of 
power. The condenser circuit radiated poorly but 
permitted strong high-frequency currents to be 
generated. By combining both, the renowned 
Braun coupled transmitter was achieved. In its 
original form, it consisted essentially of the con- 
denser circuit with the spark-gap path driven by 
an inductor, coupled directly or inductively to 
an antenna that contained no spark path. As is 
well known, the oscillations in the condenser cir- 
cuit generated current in the radiating antenna. 

Regarding the importance of Braun's dis- 
covery, one can in most cases consider it as 
characteristic of a basic invention that its im- 


portance usually extends far beyond the immedi- - 


ate application for which it was created. This 
applies to the Braun condenser circuit. The whole 
technique of radio transmitters has, since Braun's 
introduction of the closed circuit, seen many 
variations. The transmitter with the strong spark 
came first, then the Wien transmitter employing 
the fundamental discovery of the quenched 
spark. While in the Marconi spark transmitter, 
it was possible to use the open circuit, with the 
Wien transmitter the closed circuit was indis- 
pensable. Then came the era of undamped waves 
with first the Poulsen arc, later the Alexanderson 
alternator, and finally the vacuum-tube trans- 
mitter. All of these later methods of transmission 
employed the closed circuit almost exclusively. 

An analogous observation applies to receivers. 
Braun not only applied the principle of the closed 
oscillatory circuit to transmission but he also 
developed the coupled receiver, which employed 
the same principles. Methods of reception have 
also undergone a great variety of modifications 
in the course of time. The application of the 
vacuum tube brought about a radical change and 
provided possibilities that could not have been 
anticipated in the early period. But, as with the 
most modern transmitting arrangement, the 
application of the closed condenser circuit proved 
to be one of the best and most useful means for 
achieving the highest possible selectivity. 

Thus when, in radio, coupled oscillatory cir- 
cuits are associated with Braun's name, there 
is full justification for this identification. For 
while it is true that the condenser circuit as an 
electrical oscillatory system was known long 
before radio communication, it is undoubtedly to 


Braun's merit that he appreciated its significance 
and introduced it in a practical form. 


Braun's Assistants Develop Wavemeter 


Using Braun's ideas, his assistants worked out 
basic measuring techniques for wireless teleg- 
raphy. They led to the first practical Kópsel- 
Dónitz wavemeter, which consisted of a tuned 
circuit employing an inductor, calibrated capa- 
citor, and thermic current indicator. To this day, 
the wavemeter has remained unchanged in 
principle. 

In the same class is the cathode-ray tube. 
About it, Zenneck writes 5 


When Braun brought out his tube, I was very enthusi- 
astic about it. It was exactly what I had wanted for a long 
time, a device with which one sees what is going on in the 
current circuit. Later, I considered it a sport to discover as 
many possibilities of application as possible. 


Probably the first and most important con- 
tribution Zenneck made to the development of 
the Braun tube was the introduction of the saw- 
tooth wave that electronically changed the one- 
dimensional straight-line back-and-forth figure 
of the cathode-ray spot into a two-dimensional 
amplitude-time curve. Braun had used a moving 
mirror to obtain this effect and later the spot 
was photographed on a film or plate that was 
moved with uniform velocity perpendicular to the 
direction of the motion of the spot. Both of the 
earlier mechanical methods limited the frequency 
that could be examined, while the Zenneck elec- 
tronic method was almost limitless. It is, in fact, 
the same method as is now used in television 
scanning. 


Braun Works with Crystals 


As early as 1874, Braun published a report on 
investigations he had made of certain low-con- 
ductivity crystals. He discovered that if he 
passed an electric current through copper pyrites, 
sulphur pyrites, galena, “‘fahlerz,” and similar 
crystals, he found that the strength of the current 
was not proportional to the electromotive force. 
If, in addition, the electrodes were constructed 
differently, the current strength was also depen- 
dent on the direction of the applied ‘potential 
difference. Braun, in his first experiments, for 


5 J. Zenneck, “То the Fiftieth Anniversary of the Braun 
Tube,” Unpublished. 
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example, encountered differences in strength of 
30 percent depending on the direction of current 
flow. In later arrangements, the difference in cur- 
rent strength was still greater so that, practi- 
cally speaking, it could be said that the current 
was conducted in-only one direction. This devia- 
tion from Ohm’s law is designated as unipolar 
conductivity or rectification. 

Braun found an early application for it in the 
crystal detector, which he first used to receive 
wireless telegraph signals in 1899. 

Before the crystal detector, the coherer was the 
only means of detecting radio waves. This re- 
mained an exceptionally critical and inconstant 
piece of apparatus not really satisfactory for 


practical use, despite the efforts and improve- 


ments of a number of inventors. Many investi- 
gators, therefore, earnestly sought a better de- 
tector. As with the closed circuit and the cathode- 
ray tube, Braun’s crystal detector, which for 
simplicity remains unexampled today, achieved 
notable results. For a long time in fact, it re- 
placed all other detectors and completely domin- 
ated this field until the vacuum tube was intro- 
duced. In recent applications of radar and ultra- 
high-frequency operation, there has been a return 
to the use of the crystal detector as a simpler and 
even more efficient device than the vacuum tube. 
Also, Braun’s originally discovered principle has 
seen wide application in metallic rectifiers for 
power frequencies. A recent development, the 
transistor, applies the principles of semiconduc- 
tion to the amplification process, thus completing 
the circle. The vacuum tube supplanted the 
crystal detector. Then many new applications 
were found for the vacuum tube. Now it is pre- 
dicted that the transistor, which is little else than 
a more advanced crystal detector, will supplant 
the vacuum tube for many of its applications, 
including amplification and oscillation. 


Experiments with Directional Radio 


Another field pioneered by Braun was that of 
directional transmission and reception. As early 
as 1902, he made successful trials with an antenna 
inclined about 10 degrees from the horizontal, 
showing it to be more sensitive to waves received 
from a single direction. From this type, a specific 
class of receiving antennas was constructed and 
included the inverted-L and the horizontal or 
earthed antennas. Similar antennas were pro- 


posed for transmission, but for this purpose their 
directivity proved very low. | 

Braun attacked the problem of directive trans- 
mission differently from that of reception. The 
principle of his method was to employ two or 
more separated vertical wires. In the initial ex- 
periments, he employed three wires set at the 
corners of an equilateral triangle.5 The wires were 
supplied with currents differing in phase. Phase 
displacement and separation distances were 
chosen so that the wave was beamed in a desired 
direction. Such trials were made in Strasbourg in 
1904. Field strength was measured with a bolom- 
eter. Results were as had been predicted theo- 
retically. It is, of course, commonplace now to use 
such methods of directional transmission, partic- 
ularly for the higher frequencies. 

In 1913, Braun again took up the problem of 
directive reception. At this time he experimented 
with loop antennas and was, no doubt, prompted 
to employ this method of directional reception by 
the fact that the vacuum tube then offered a 
more sensitive means of detection than the 
crystal detector and could also be employed as an 
amplifier. The advantages of directional recep- 
tion such as reduction of interference, a greater 
signal-to-noise ratio, and direction indication 
were recognized as possibilities by Braun, al- 
though their full utilization did not come until 
later. During these experiments, which Braun 
conducted in Strasbourg with signals received 
from the Eiffel Tower, field strength of radio 
waves was measured to an absolute value 
for the first time. Today field-strength knowledge 
at a receiving point is considered indispensable 
and all modern methods of measurement are 
based essentially on the early Braun arrange- 
ments. 


Visits America 


When World War I broke out, a patent suit 
was brought against the Sayville, Long Island, 
radio station, which worked with a station at 
Nauen, near Berlin. The purpose of this suit was 
to close the Sayville station and thus cut off all 
means of communication between Germany and 
the U. S. A., the cable between these two coun- 
tries having already been cut. Braun was asked 
to appear in New York to testify regarding ex- 


$F, Braun, “Оп Directed Wireless Telegraphy," The 
Electrician; May 25 and June 1, 1906. 
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periments he had made. At the age of 64, with 
undermined health, he made the trip in mid- 
winter through the British blockade, because he 
hoped in this way to be of service to his country. 

The suit was indefinitely postponed and Pro- 
fessor Braun stayed on to live at his son’s home 
in Brooklyn, New York. There were no means by 
which he could return to his laboratory in Stras- 
bourg and later, when the U. S. A. entered the 
war, he would not have been permitted to return. 


He was suffering from an incurable illness and: 


was, perhaps, saddened by the fact that the 
great nations, all of which he seemed to love, 
were at war. At least, he had shown enthusiasm 
over the New World after he had returned to 
Germany from a trip made in 1909 across North 
America as far as Vancouver, British Columbia. 
At that time, he gave an illustrated lecture on his 
impressions of America. He even built a minia- 
ture shoe factory that operated on a high-speed 
conveyor-belt plan just as he had seen on his trip. 
He fed in small strips of leather belt at one end 
and, pronto, out came miniature shoes. To 
illustrate the wonders of Yellowstone Park, he 
made a model of the area in contour and color. 
Even “Old Faithful" was represented in the form 
of a geyser of carbonated water. 

Now these happy memories were far in the 
past. Not only was Professor Braun very ill, but, 
for the first time, he was forced to be away from 
his laboratory for an extended period of time. A 
quick holiday to the mountains was one thing. A 
jaunty vacation across the Atlantic had only left 
him with renewed vigor to return to his experi- 
ments. But a time had now come when he was 
confronted with months and months of idleness, 
an ill man. Even then he filled up some of this 
time by giving piano lessons to children who 
could come to his Brooklyn home. And it was 
while shoveling snow that he suffered the acci- 
dent that finally caused his death. He fell on the 
ice and broke his hip. For weeks he lay in bed in 
pain and then complications set in. He died 
April 20, 1918. His body was cremated in New 
Jersey and, after the war was over, his ashes 
were returned to his native Fulda and buried next 
to the.grave of his parents. 


Tributes to Braun 


Few men of science have achieved as much as 
Ferdinand Braun. Also, rarely has a man who 


has accomplished so many great things also been 
so loved and respected. He possessed a natural- 
ness which, along with his friendliness and ex- 
ceptional good will, made him extremely well 
liked among his associates. | 

No more fitting tribute to this quality of Braun 
can be given than to quote the following state- 
ments by men who worked with him and knew 
him well. The first was written by Mandelstam 
and Papalexi.’ 


As a teacher, Braun is unforgettable to all who were 
privileged to work in his institute. He left it to each one 
according to his individuality to follow his inclination. He 
followed all work constantly with interest and was always 
ready with advice and help. And his advice was more than 
clarifying: Braun had the vision and sensitivity of an 
experimenter that cannot be learned and with which only 
the chosen few natural researchers are gifted. These 
qualities to which, to a large degree, he owes his success as 
a researcher benefited also his students. . . . Braun's 
capabilities as a research worker assure him a place of high 
honor in the realm of science, and all who had the good 
fortune to come in close contact with him will hold the 
memory of this great, experienced, intelligent, and good 
man in affection and the highest esteem. 


More recently, Braun's former assistant, Pro- 
fessor Zenneck, now President of the Deutsche 
Museum in Munich, and recognized as a dis- 
tinguished scientist and teacher in his own right, 
wrote* of his former mentor. 


Braun was a distinguished experimenter, who had thor- 
ough mastery of the experimental aids in physics. In his 
investigations, he always applied himself only to essentials. 
He had a fine instinct for what was essential in each case. 
A good example of this is that he undertook the experiments 
with the frame antenna right at the time when the ampli- 
fying tube entered the field and a widened application of 
this form of antenna was made possible. . . . Personally, 
Braun by nature was beyond reproach. . . . Despite all 
the difficulties which he encountered in life, his humor 
never left him. His witty remarks at lectures and in con- 
versation were all the more effective because one could see 
his own enjoyment of them. As Director of the Institute, he 
was beloved both by the candidates for doctorates and by 
the assistants. In all, we assistants had in him a chief who 
advanced our scientific work in every respect and who 
regarded our individualities with kindly understanding... . 
Braun was what we would call a splendid man. I am con- 
vinced that all who had to work closely with him, remember 
him not only with respect but also with pleasure. | 


"Von L. Mandelstam апа N. Papalexi, "Ferdinand 
Braun—In Memoriam,” Die Naturwissenchaften; August 
10, 1928. 


The Story of Copperweld 


HIS is a story about wire—not ordinary 
wire. It is a story about a compara- 
tively new and different wire, a wire 

that has successfully joined two great basic 
metals in a perfect union to carry power and 
man’s voice to places all over the world. 

This is also a story about the company that 
makes that wire. Not a large company, as in- 
dustrial giants go, nor an old one in the sense of 
century-old enterprises. A company whose people 
for 33 years have lived and worked with one 
primary aim—to develop and improve a product 
that others had unsuccessfully tried for decades 
to develop. 

The company began operations in 1915 with 
23 workers. It now numbers its employes in the 
thousands and its product spans the continents 
of the earth. The product is a special kind of 
wire called ‘‘Copperweld” and the company is 
the Copperweld Steel Company. 


1. The Art of Making Wire 


The story begins at the dawn of history, some 
3700 years ago. Making wire for ornaments, 
tools, hooks, fasteners, for a score of other uses 
in a primitive world, was one of the most ancient 
of metal-working arts. The wire maker was one 
of the most honored of metal craftsmen. Gold 
wire, a Pharoah’s necklace, is mentioned in the 
Bible. Samples of Assyrian and Babylonian wire 
have been found dating back to 1700 B.c. Al- 
most nothing is known of this early manufacture, 
but the wire was probably shaped with hammers. 

Two thousand years ago man made a dis- 
covery that was, in its field, comparable to the 
discovery of the principle of the lever, to the 
invention of the wheel and the windlass. He 
found that a hammered brass rod could be made 
smaller and smaller by being pulled through a 
tapered hole in an iron plate. Thus the principle 
of the draw plate was born and the first wire was 
drawn. 

A Latin manuscript written by Theophilis 
sometime in the 8th or 9th century describes a 
method of making wire of an alloy of lead and 
tin. The alloy was cast into an ingot and then 
hammered into a long bar. The pointed end of 


the bar was forcibly drawn through a series of 
holes set in a draw plate. In this way, the cross 
section of the rod was gradually reduced to that 
of the last hole through which it was drawn, its 
length being correspondingly greatly increased. 

Some scholars believe that the chain armor 
used by the knights in the great crusades against 
the Saracens and the Turks was made of drawn, 
rather than hammered, wire. 

The earliest known mention of SEI 
wire drawing was in 1351 and again in 1360. In 
that time, in the now-ruined cities of Nuremberg 
and Augsburg in Germany, the wire smith was 
joined by the wire miller. In this early manu- 
facture, the wire miller attached the end of the 
wire to a belt around his waist and pulled. it 
through the draw plate, a few inches at a time, 
by stepping and falling backwards. A windlass 
type of pull was introduced a few years later, 
followed by an application of water power. 

Until 1565, English iron wire was drawn by 
hand only, with such poor results that almost all 
wire was imported from Germany and Holland. 
The first wire mill in England was set up by 
Dutch manufacturers in 1662. 

A “wyer drawer" named Nathaniel Robinson, 
who set up a mill at Lynn, Massachusetts, four 
years later, is the ancestor of the American wire 
industry. But 168 years later, in 1834, there were 
only three wire mills in the 24 states of the union, 
with a total output that year of 15 tons. Wire, 
which was later to be known as “ће product with 
1500 uses," was still being applied to but a few 
basic needs. 

'Then, within 40 years, two things happened 
that revolutionized industries and changed the 
face of America. Wire changed from a product 
of few uses to become the thong and tendon 
that bound the land together. 

In 1844, S. F. B. Morse built a telegraph line 
from. Baltimore to Washington, a distance of 
40 miles, and then laid down a line to connect 
those two cities with New York. Seven years 
later more than 50 companies were operating 
under Morse's telegraphic patents. In that same 
decade, a cable was laid across the bed of the 
Atlantic Ocean. 
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On March 10, 1876, Alexander Graham Bell 
spoke a few words, which were to affect every 
man, woman, and child in the land. To his 
assistant, who was listening in the next room at 
the end of a wire, he said, “Мг, Watson, come 
here, І want you.” 

By 1878, New Haven had a telephone switch- 
board with 21 subscribers. By 1920, America had 
spun a wire network that encompassed 20 million 
telephones. 

In the meantime, in 1890, the first power 
station went up. Distribution of electric power 
was becoming a major U.S.A. industry. Electric 
power was being carried up and down the land. 

: These new industries needed wire, millions of 
miles of it. Much of that wire had to be copper. 
This brilliant metal had been used by the human 
race to make its first weapons in remotest antiq- 
uity. It was the metal which, joined with tin to 
form man’s first metallic compound, had given 


a name to the Bronze Age. Now this metal had 
been found to be the best commercial conductor 
of electrical energy. 

But as distances increased, industry needed 
and hoped for a special kind of wire that would 
have the one thing copper lacked, strength. To 
carry electrical energy, it needed a wire strong 
enough to withstand great tensions, and which 
would not corrode. The wire must carry power 
and voices many hundreds of miles. It must span 
great rivers and valleys. 


2. Search for a Perfect Metal 


The metal which would make such a wire 
simply did not exist. Steel was strong enough. 
But steel was not a good enough conductor, and 
it corroded. Copper was an excellent conductor 
and did not corrode. But copper was not strong 
enough. It had no backbone. 


Basic to the Copperweld process is the pouring of molten copper around a heated alloy steel billet centered in a mold. 
The resulting ingot is reduced by hot rolling and cold drawing to final wire size. 
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Could the metallurgist combine the two into 
a wire that would be strong, durable, and con- 
ductive? If he could, time and money might be 
saved in power and communication lines. Dis- 
tances might be spanned that were impossible 
for copper wire. The space between supporting 
structures might be increased from a few hundred 
feet to a mile or more. 

Coating iron with copper was by no means a 
new idea. The ancient Swiss lake dwellers and 
certain tribes in Assyria, we now know, had made 
tools and weapons 
with an iron core and 
a copper-alloy cover- 
ing. An English metal- 
lurgist had patented 
a copper-iron combi- 
nation in 1821. He 
melted copper in a 
shallow cast-iron ves- 
sel and applied it to 
iron pans. His pans 
were tough, and the 
copper lining kept 
them from corroding. 

Many men tried to 
create a steel and cop- 


was then placed in a mold containing molten 
copper to form a copper-clad ingot. 

Five American men with vision then joined 
forces to take the next big step. Founding a 
firm named the Copper Clad Steel Company, 
they invented what is known as the Copperweld 
process of welding steel and copper. This pro- 
cess, less complex than previous methods, was 
based primarily on obtaining a molten weld be- 
tween copper and steel. 

Steel and copper were now at last merged into 
a weld so strong that 
they could not be 
separated except by 
destruction of the bi- 
metallic material 
itself. The next step 
was to develop pro- 
cesses by which this 
material might be 
drawn into bimetallic 
wire. That was no 
simple matter. There 
is a wide difference 
in the melting and 
roling temperatures 
of these ferrous and 


per wire. The first at- 
tempt was made in 
1860, when two 


Samples of Copperweld products. The cables from left 


to right are telephone drop wire, strand, two types of 
power conductors, and telephone line wire. A ground rod 
with connecting wire clamped at the top is the vertical 
assembly and the horizontal cable with a plug-type ter- 


nonferrous metals. 
There are differences 


` in malleability and in 


American  metal- 
lurgists wrapped steel * 

wire with copper strips and then tinned the re- 
sult. They failed. 

Various methods of merging steel and copper 
by casting followed. In 1885, a Frenchman made 
a composite billet which could, by careful han- 
dling, be rolled and drawn into wire. But the two 
metals were not joined by a weld; the copper 
served only as a shell over the steel core. Elec- 
trolysis and destruction resulted. 

An electroplating process was developed, 
tried, and discarded because the copper-plated 
wire rusted. 

The Duplex Metals Company, organized in 
1905, found the key. That was to weld steel and 
copper together. Their method, the Monnot 
process, consisted of dipping an especially pre- 
pared steel billet into a copper bath, thus wetting 
the steel with the copper. The wetted steel billet 


minal is a railroad signal bond. 


temperature соећ- 

cients of expansion. 
. In 1915, the company; now renamed the 
Copperweld Steel Company, and its 23 employees 
began the first actual production of a usable wire 
with a tough steel core and a uniform rust- 
resisting conductive copper covering. That first 
wire was found to be satisfactory in every 
respect. Ў 

Research and development of skills over the 

past three decades have enabled metallurgists to 
improve the manufacture of bimetallic wire, to 
lower its cost, and to speed up and simplify its 
production. Steel and copper can now be main- 
tained in exact proportions down to wire 
thinner than a hair. And yet the original pro- 
cess was so sound fundamentally that it has re- 
mained the basis for any product improvement 
today. E 
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3. Copperweld Process 


The process that welds copper to steel and 
produces bimetallic wire takes place in a half 
dozen major steps. 

Alloy steel billets, about six inches in diameter 
and four feet long, are picked up by a magnetic 
crane, cleaned and inserted exactly in the center 
of a cylindrical graphite mold, which is approxi- 
mately eight inches in inside diameter. The mold 
is then placed in a furnace. When the steel billet 
inside it has reached welding temperature, the 
mold is removed from the furnace. 

Molten electrolytic copper, heated to the 
proper temperature, is poured into the space 
between the steel billet and the inner mold wall. 
It is at this moment that a molten weld is pro- 
duced between the two metals. Actually, the 
copper grains diffuse between and into the steel 


grains, interlocking and joining the two metals. 


into an unbreakable uniform weld. | 

This weld, a form of iron-copper alloy which 
is much stronger than copper alone, is the basic 
factor that permits exacting fabrication. Without 
the successful weld, the billets would fail during 
the rolling process that follows. The. finished 
product, moreover, would not be able to with- 
stand the tensional and torsional stresses that a 
conductor receives in service on overhead lines. 

When the copper has been poured, the molds 
are withdrawn from the pouring bay and allowed 
to cool. The billets are removed and placed in a 
preheating furnace and heated to a rolling temp- 
erature. That rolling presents a unique problem. 
Since copper melts at approximately 2000 de- 
grees Fahrenheit, the billet must be rolled at a 
temperature well below the standard rolling 
heat for steel. Specially designed rolls reduce the 
billet without destroying the properties of copper 
and steel and maintain the original proportions 
and concentricity of the two metals. 

The first rolling operation takes place on a 
24-inch water-cooled tilting-table mill. An oper- 
ator passes the billet between the rolls. As it 
reaches the opposite side, the table tilts and a 
second operator guides the billet between an- 
other set of rolls. This operation continues until 
the billet has been reduced to a bar with a di- 
ameter of from two to three inches. 

Since the bar has become considerably longer 
in this rolling, it is cut in half. It is then reheated 


and passed through a series of smaller rolls to be 
formed into a rod, which is finally reduced to a 
diameter of three-eights of an inch and coiled. 

Next step is to transform the rod from its 
hot-rolled structure to a fine-grained molecular 
arrangement, a structure that is important in 
the product’s use as an overhead conductor. 
The rod is fed from payout reels into two 
sectional heat-treating furnaces. It is heated 
above its so-called critical temperature and 
quenched in water. 

The rod is then cleaned in a mild sulphuric- 


Copperweld conductors, installed in 1927, are providing 
dependable service on this 3300-foot river crossing. 
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acid solution, which dissolves the copper oxide 
but does not affect the copper. It is now ready to 
be cold drawn into wire. 

The drawing process has two objectives. It 
reduces the wire to a practical size for use 
either as a single or a multistrand conductor; and 
it increases the tensile strength by cold working. 

The cold-drawing operation involves special 
techniques, yet generally is similar to methods 
used in drawing copper or steel individually. 
In particular, the slope and curvature of the dies 
and the speed of drawing must be closely con- 
trolled. The operation begins on huge seven-die 
wire-drawing machines. 

In multiple drawing, the wire is pulled through 
a single die onto a drum. From here it passes 
over an idler, through a second die, and onto a 
second drum. A number of such drawing stages 
are provided on a single machine. Equipment 
used in drawing wire to the smaller sizes is 
essentially the same, differing only in detail. 

The finished wire may be coiled singly for 
shipment or it may be stranded. Wire is produced 
in as many as 37 strands. Smallest commercial 
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Along the right-of-way of a leading railroad where 
Copperweld plays an important part in the operation of 
the signal system. 


Copperweld wire normally made is Number 20 
(0.032 inch), though it has been successfully 
drawn down to two thousandths of an inch. 
Extensive improvements in strength have 
taken place in the past three decades. The earlier 
wire had a tensile strength of 80 to 100 thousand 
pounds per square inch. In 1920, by use of im- 
proved steels, wires were produced having tensile 
strengths ranging from 120 to 140 thousand 
pounds per square inch. About 1930, the de- 
velopment of special alloy steels made it possible 
to manufacture wire having strengths up to 
180,000 pounds per square inch. | 
Improvements in the art of rolling make 
possible a guarantee of minimum copper thick- 
ness as well as a guarantee of minimum con- 
ductivity. ‘‘Thirty-percent” wire has an electrical 
conductivity equal to 30 percent of the con- 
ductivity of a solid copper wire of the same 
diameter, with a minimum copper thickness of 
10 percent of the radius of the finished wire. 
"Forty-percent" wire has an electrical con- 
ductivity not less than 40 percent of a solid 


‘copper wire of the same diameter, with a mini- 


mum copper thickness of 12.5 percent of the 
radius of the finished wire. 

Along with improvements of the wire, special 
tests and inspection practices have been de- 
veloped and cover such properties as torsion, 
weld, conductivity, surface, breaking strength, 
and elongation. These tests are continuous from 
ingot to finished wire. Methods and equipment 
have been devised for measuring the copper 
thickness at any point in a coil without de- 
struction of the wire. 


4. Copperweld Wire at Work 


Copperweld wire varies in size and strength 
depending on the use for which it is intended. 
'These wires are widely used by electric light and 
power companies for overhead ground wires on 
transmission lines, for pole guys, and as messen- 
gers for supporting aerial power cables. They are 
used in various combinations with copper wires 
as power conductors. 

'The telephone industry uses this wire exten- 
sively as "drop wire" for connecting the sub- 
scribers’ premises to the company lines, for line 
wire on open construction, for guying, and for 
aerial cable messenger. 


THE STORY OF COPPERWELD 
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Railroads use Copperweld signal bonds to 
complete the electrical circuit from rail to rail. 
They use signal line wire, guy and messenger 
strand, and overhead ground wire. Electrified 
roads use Copperweld-Copper catenary messen- 
ger as a combination conductor and trolley-wire 
support. 

Similar composite Copperweld-Copper con- 
ductors are used for extremely long spans of 
transmission lines crossing rivers and valleys, 
often with a distance of a mile or more between 
supporting towers. 

With the advent of rural electrification in the 
United States, there was developed a high- 
strength, low-cost conductor made of one non- 
rusting Copperweld "strength" wire and two 
copper "conductor'' wires in the form of a three- 
wire strand. Hundreds of thousands of miles of 
these conductors in service have been a continu- 
ing factor in reducing the cost of rural lines. 

Copperweld ground rods and clamps are used 
in all of the above fields. The corrosion-resisting 
and easy driving properties of the ground rods 
make them almost a “must” in every type 
of electrical work where a driven ground is 
needed to provide positive grounding protection. 

Such are some of the uses of Copperweld wire 
in the company's primary fields of application: 
utilities, railroads, and communications. Many 
new uses have developed in the past few years. 

Perhaps the most interesting of these is a 
unique construction application being employed 
by the U. S. Army engineers on various flood- 
control projects. Here Copperweld's permanent 
strength and corrosion resistance provided the 
solution to the serious problem of reinforcing- 
wire failure in concrete revetment mattresses 
for levee protection. 

Reinforcing wire previously used in these 
installations eventually failed because of cor- 
rosive action of the water. Result was that the 
concrete forms would crack and sometimes give 
way against the force of the current. 

After exhaustive tests, Copperweld proved 
entirely resistant to the corrosive action and has 
since been specified for use in reinforcing and 
tying together articulated concrete flood- and 
erosion-control mats. 

Fabrication of wire into “revetment mats” 
consists of a series of bending, welding, and 
stapling operations. These are made so that the 


Lineman installing a Grip-Flax tie on a Copperweld 
telephone wire. 


wire reinforcement network can be extended 
in any direction by stapling. 

Throughout World War II, Copperweld wire 
served in every theater and in every battle zone. 
The U. S. Army Signal Corps, in fact, strung 
enough Copperweld telephone wire across the 
battlefields of Europe and the South Pacific to 
encircle the world 20 times. Along the Alcan 
highway, enduring some of the world's severest 
weather, more than 10,000 miles of Copperweld 
telephone wires have been carrying the weight of 
wind and ice since 1942. 

Such is the story of Copperweld wire and of 
the company that developed it and makes it. 
As the network of power and communication 
systems grows greater and greater, Copperweld 
engineers envision new horizons for a product 
that has been an integral part of the electrical 
industry for a third of a century. Where the 
basic requirements are the combination of 
strength, durability, electrical conductivity, and 
rust resistance, Copperweld has an indisputable 
performance record. It is pledged to continue 
and expand that record. 


Trends in Military Electronic-Equipment Design 
By NORMAN H. YOUNG 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


HE SPECIFICATIONS furnished to 
| development laboratories by the armed 
services as part of their procurement 
program display a steadily varying pattern as 
the needs of the services and available techniques 
to meet these needs change. These variations 
sometimes reflect the requirements of an indi- 
vidual tactical problem, but on examination of 
many specifications a general pattern of growth 
toward certain goals is discernible. For this 
achievement, the government is prepared to 
expend considerable effort. 

While some of these targets are of purely 
military usefulness, others reflect commercial 
considerations of great importance, and their 
significance will increase as techniques are im- 
proved under the stimulus of the military de- 
velopment program. All engineers, therefore, 
whether engaged in government-sponsored pro- 
grams or not, should examine their activities 
with care to.see that these trends are grasped as 
quickly as possible and turned to use wherever 
they fit the program. 


1. Detailed Analysis of Trends 


One common spirit pervades the entire de- 
velopment program. In essence, it is the heart 
of all technological improvement. This is best 
expressed as a vigorous impatience with all the 
inconveniences and shortcomings of the appara- 
tus at hand and the endless repetition of the 
question: "Why isn't it perfect?” All the charac- 
teristics to be considered arise from the desire 
to have electronic servants of zero size and 
weight, responding with infallible accuracy 
under all conditions imaginable. The degree to 
which an engineer refuses to accept any limita- 
tion as necessary or incapable of improvement, 
is directly a measure of his conformity to the 
spirit of this program. 


1.1 MINIATURIZATION 


Military operations invariably place the maxi- 
mum burden possible on available means of 


transport. Space and weight are equally at a 
premium on the person of an advance scout or in 
the hold of a supply vessel. Therefore, compo- 
nents are being developed that open new possi- 
bilities in the way of space and weight reduction. 
'The trend from so-called "standard" tubes to 
"miniature" types is well advanced in commer- 
cial design, and in military apparatus the use of 
"subminiatures" should always be reviewed in 
the light of the specific problem at hand. 

Miniaturization brings with it additional 
problems of heat dissipation for it is not always 
possible to decrease the power handled by the 
apparatus. These difficulties may be overcome in 
some cases by the application of special com- 
ponents and materials, permitting a much 
greater rise in operating temperature over the 
surroundings than has been generally used in the 
past. For example, the use of glass insulation in 
transformers has permitted unusually small units 
to operate at a much higher temperature than 
was possible in former designs. 


1.2 UNITIZED CONSTRUCTION 


Unitized construction hits at another facet 
of the problems in military equipment. Elec- 
tronic apparatus that fails in the field must 
either be so easy to repair that relatively un- 
trained personnel can restore it to a guaranteed 
level of performance, or must be capable of being 
completely replaced; the defective units either 
being discarded or returned to a major base for 
repair and adjustment. In particular, it must be 
impossible for the operator partially to repair 
an equipment so that it apparently operates, 
but is actually presenting erroneous information. 

The only equipment that can be serviced in 
the fashion: outlined is one in which each major 
component or subassembly is complete in a self- 
contained unit, usually "plug-in" and hermeti- 
cally sealed. The sockets for a group of such 
plug-in assemblies can be made sufficiently 
rugged to insure very great dependability. Field 
servicing is then reduced to interchanging spare 
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units for defective equipment until normal 
operation is restored. 


1.3 INcREAsED RELIABILITY 


While the need for absolutely dependable 
equipment has always guided designers of 
military apparatus, one important change in 
techniques throws special emphasis on this 


Full-size illustration of printed-circuit technique as ap- 
plied to a miniature three-stage audio-frequency amplifier. 
Front and rear views are shown. The unit measures 1 by 
24 inches. (Photo courtesy Centralab Division, Globe Union 
Corporation, Milwaukee, Wisconsin.) 


problem. The increasing use of multiplexing to 
carry the heavy burden of military traffic means 
that the failure of one component in certain 
parts of an equipment may disable not one 
circuit, but dozens, or in the future, even hun- 
dreds of circuits. The use of unattended re- 
peaters also imposes additional requirements of 
reliability. 

From this situation arises a new concept of the 
“life” of apparatus. Most manufacturers rate the 
probable life of their designs on a basis of 50- 
percent failure, or in some cases 20-percent or 
10-percent failure, averaged over a number of 
equipments. "Life" figures based on such con- 
cepts are of little interest to military people, 
since they bear no fixed relation to the factor 
that is all important; which might be called the 
"guaranteed life." This figure would represent 
the period during which none of the equipments 
would fail, and absolute reliability could be 
assumed. (Since failure is a statistical phe- 
nomenon, absolute guarantee might not be 
possible, but military needs might require that 


failures in this period be of the order of one per- 
cent or less, depending on the application.) 
Even though this "guaranteed life" were quite 
short, equipment could be serviced or replaced 
as required, with virtual freedom from unex- 
pected failures. 


1.4 EASE oF PRODUCTION 


While it may appear that cost is of no im- 
portance in military apparatus, this is far from 
true. While money may be appropriated freely, 
in the final analysis neither materials nor man- 
power are inexhaustible and methods adapted 
to simple rapid production are frequently a major 
requirement. For example, without this ap- 
proach the wholesale expenditure of complete 
transmitter-receiver units could not have been 
contemplated, and the proximity fuze would 
have remained a laboratory toy. 

Startling progress has been made in this field, 
particularly in the development of methods to 
reduce the labor of assembling and wiring. 
Circuits are stamped, painted, printed, sprayed, 
or molded, combining in one operation that 
which would otherwise require many steps. In 
addition, these methods are well adapted to 
miniaturization and unitized construction. It 
seems certain that vigorous experimentation 


Unitized modulator unit of the plug-in type of con- 
struction as used in the FTL-10-A 23-channel multiplex 
radio link. 
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along these lines will bring startling changes in 
both military and commercial apparatus in the 
next few years. 


1.5 OTHER TRENDS 


Several additional trends may be noted. Ex- 
cept where power output is needed, there is no 
real need for the high plate voltages customarily 
used. Steps to reduce operating voltages fre- 
quently simplify problems of power supply and 
heat dissipation. 

Increasingly severe requirements in ambient 
conditions are being imposed by military needs. 
For use in the arctic, equipment should ‘survive 
storage at —85 degrees centigrade for long 


periods and be operable at —65 degrees centi- ' 


grade. In some new jet aircraft, the most de- 
sirable position for the installation of radio gear 
would subject it to temperatures approaching 
200 degrees centigrade. Until these conditions 
can be met without sacrifice of performance or 
reliability, we cannot say we have finished 
our job. 

Increased simplicity of operation, with auto- 
matic control over all possible points of mis- 


adjustment, will make it possible for personnel 
untrained in electronics to use new apparatus 
with ease and certainty. 

In an endeavor to decrease the total number 
of units required in a given installation, an 
effort is being made to increase the frequency 
coverage of single transmitter and receiver units. 
Greater precision of channel selection will permit 
narrower channels, but this must be obtained 
without increasing excessively the number of 
quartz crystals in the equipment. 


2. Conclusion 


Trends in the development of electronic equip- 
ment for military use show that every designer 
should check his products for the application of 
the following principles: miniaturization, unitized 
construction, extreme reliability for certain 
“guaranteed Ше,” and ease of production with- 
out waste of manpower or materials. When these 
needs have been satisfied as fully as the elec- 
tronic art permits, he may be sure his design will 
fill the purpose for which it was intended with 
maximum utility. 


Development of Single-Receiver Automatic Adcock Direction- 
Finders for Use in the Frequency Band 100-150 
Megacycles per Second * 


By R. F. CLEAVER 
Standard Telephones and Cables, Limited, London, England 


HE PAPER describes the development 

| of automatic direction-finders primarily 

intended for measuring the bearings of 

aircraft, on signals radiated in the frequency 

band 100 to 150 megacycles per second. The 

basic system employs fixed elevated-H Adcock 

antennas and a single receiver, and, with the 

exception of the earliest model, all instruments 
give cathode-ray-oscillograph indication. 

An examination of the advantages and limita- 
tions of fixed-antenna automatic direction- 
finders employing two or more receivers leads to 
an account of the reasons for the adoption of a 
single-receiver system in the present develop- 
ment. The principles and evolution of this system 
are explained with reference to the original 
experimental models, whose performance is 
discussed. 

A naval direction-finder based on one of the 
experimental models is described in detail, and 
statistics are presented to show that the prob- 
able instrumental error varies from about 0.6 to 
1.25 degrees over the frequency band, after 
compensation for octantal error. Bearings can 
be measured on signals of field strength down to 
7 microvolts per metre or less. 

The paper concludes with a description of 
direction-finders for use on land. One of these, 
under current development, will be capable of 
unattended operation on two alternative fre- 
quency-channels, with bearing indication and 
full remote-control at points up to 20 miles 
distant. ` 


LJ е е 
1. Introduction 


The development described in this paper was 
originally undertaken in 1941 with the primary 
object of increasing the speed and reliability of 

* Reprinted with minor additions from Journal of the 


Institution of Electrical Engineers, v. 94, Part IIIA, n. 15, 
pp. 783-799; 1947. 


very-high-frequency direction-finding at aero- 
drome ground-stations. At that time it appeared 
likely that increasing traffic would shortly lead 
to saturation of the manual direction-finding 
system, which had served very well during the 
critical early years of the war. In the event, 
however, it proved impossible to develop and 


-introduce the automatic system in time for the 


peak period of Royal Air Force activity, and 
with the completion of experimental models, 
the development might have been discontinued 
in the absence of a new incentive. This arose 
towards the end of 1942, in the form of a require- 
ment of the British Admiralty for a new very- 
high-frequency direction-finder for use on air- 
craft carriers. Satisfactory tests with the second 
experimental instrument described later in this 
paper led to the adoption of a virtually identical 
circuit for the new naval direction-finder, now 
known in its production form as ‘Admiralty 
D/F Outfit FV5." 

Since the end of the war it has become possible 
to resume the development of the system to meet 
specific ground-station requirements, notably un- 
attended operation of the direction-finder with 
remote indication and control over many miles 
of land-line. 


2. Choice of System 


Some of the principles adopted in the develop- 
ments described in this paper had not previously 
been applied to any great extent, and, before 
giving a detailed account of the work, it is 
necessary to examine the reasons underlying the 
choice of system. 

For the antenna system, there was no practical 
alternative to the elevated-H Adcock arrange- 
ment, which is extremely convenient for wave- 
lengths between 2 and 3 metres, and combines 
reasonable fredom from polarization error with 
adaptability for automatic indication of bearings 
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on a cathode-ray oscillograph. The ultimate use 
of oscillographic indication was regarded as 
essential for speed of operation and for automatic 
indication of the presence of a signal, though it 
was expedient to use a different form of indica- 
tion on the first model. 

Choice of method for automatic indication lay 
between the static and the continuously rotating 
antenna (or goniometer) systems. The former 
were preferred for their flexibility in speed of 
indication and adaptability to more satisfactory 
forms of bearing indication. There was also 
some reluctance to introduce continuously rotat- 
ing machinery if this could be avoided. 

Automatic direction-finders of the “static” 
class are in general characterized by the fact 
that signals related in amplitude by a tangent 
law are derived from two orthogonal antenna 
combinations, amplified with or without fre- 
quency conversion, and applied to a cathode-ray 
tube to produce corresponding orthogonal de- 
flections of the electron beam. The resultant 
deflection can then be arranged to indicate the 
direction of arrival of the signal. The voltage 
amplification required may be up to the order of 
10% times, and no difference in amplification of 
the signal components can exceed 2 per cent if 
the maximum quadrantal error is to be kept 
below 0.5 degree. Signals from the two direc- 
tional antenna combinations can only give the 
line of the required bearing; to obtain its sense, 
the phases of the signals from the directional 
antenna combinations must be compared with 
that of a signal from a central omni-directional 
antenna. The latter signal requires corresponding 
amplification, without change of relative phase. 

In general, the signals may be amplified in two 
ways; either in separate balanced amplifiers or, 
if previously identified by modulation, in a com- 
mon amplifier with subsequent separation before 
application to the deflecting elements of the 
oscillograph. The following considerations led to 
the choice of the second alternative for the 
direction-finders described in this paper. The 
two systems are here distinguished as ‘“‘balanced- 
receiver" and “‘single-receiver” systems. 


2.1 BALANCED-RECEIVER SYSTEMS 


Automatic direction-finders employing bal- 
anced receivers were first constructed by Watson 


Watt and Herd more than 20 years ago for 
research into the nature and origin of atmos- 
pherics and have since been widely used, 
particularly for high-frequency work. Details of 
some of the earlier instruments have been pub- 
lished*? but at the time of writing (November, 
1946) information on modern equipments of this 
type is lacking. The following discussion is there- 
fore based on general principles, without refer- 
ence to specific developments. The relative 
importance of the advantages and disadvantages 
depends greatly on the frequency band for which 
the direction-finder is designed. 


Advantages 


A. Basic simplicity of conception. 


B. Possibility of obtaining a bearing on one transmission 
in the presence of interfering radiation. 


C. Possibility of assessing the reliability of bearing indi- 
cations from the character of the oscillograph display. 


Disadvantages 


A. Necessity for a high degree of balance between the 
receivers in respect of gain, phase shift and bandwidth. 
This involves the use of special receivers with provision for 
stage-by-stage equalization between them. Manual gain- 
controls must be ganged and provided with matching 
adjustments. Automatic gain-control necessarily involves 
considerable difficulty and is not used in instruments that 
have been described in the literature. 


B. Necessity for frequent checking of the equalizing 
adjustments, whose unavoidable variations lead to quad- 
rantal error and ellipticity of indication. 


C. Limitation in the improvement in signal-to-noise ratio 
which can be gained by the use of selective circuits, 
governed by considerations of frequency stability and 
consequent difficulty in maintaining the necessary phase 
and amplitude balance. 


D. Directional accuracy is impaired by any inequality 
between transmission lincs connecting the antennas and 
receivers, and by any stray pick-up on them. Difficulties 
in these respects increase with frequency. 


E. The form of bearing display obtained is not suitable 
for remote presentation, nor is the equipment itself suitable 
for unattended operation. 


1 К. А. W. Watt, and J. F. Herd, “An Instantaneous 
Direct-reading Radio Gontometer," Journal of the Institu- 
tion of Electrical Engineers, v. 64, p. 611; 1926. 

? R. A. W. Watt, J. F. Herd, and L. H. Bainbridge-Bell, 
"Applications of the Cathode-Ray Oscillograph in Radio 
Research," ist Edition, His Majesty’s Stationery Office, 
London, 1933; pp. 123-242. 

3 Staff of the Radio Research Station, "A Short-Wave 
Cathode-Ray Direction Finding Receiver," Wireless 
Engineer, v. 15, p. 432; 1938. 
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The first three disadvantages are fundamental and pe- 
culiar to balanced-receiver systems, while the other two 
may apply also to single-receiver systems, to an extent 
depending on their design. 


2.2 SINGLE-RECEIVER SYSTEMS 


All the direction-finders described in this paper 
are based on the single-receiver principle, and 
are thus free from the fundamental disadvantages 
of the earlier system. The fact that they lack 
the special qualities listed as advantages of the 
balanced-receiver system is insignificant for the 
purposes of the present development, as will be 
clear from the following considerations. 

First, the theoretical simplicity of the bal- 
anced-receiver principle is largely illusory owing 
to the formidable number of adjustments which 
are necessary to make the system work, and the 
frequency with which they must be checked. 
On the other hand, if one accepts the initial 
complication of modulation and demodulation 
involved in the single-receiver system, the cir- 
cuits required can be made very stable and do 
not require continuous adjustment. A normal 
communication receiver with automatic gain- 
control may be employed in the common channel. 

Secondly, the inability of the single-receiver 
system to indicate correct bearings in the 
presence of an interfering signal is harmless so 
long as the interference is discontinuous and of 
short duration, and so long as its presence can 
be detected. These conditions are invariably 
satisfied in the very-high-frequency aeronautical 
band. Significant interfering signals are revealed 
either by their modulation, by an audible hetero- 
dyne note, by an abrupt change in bearing indica- 
tion during the observation, by the presence of a 
bearing indication preceding or following the 
wanted transmission, or by any combination of 
these effects. Under bad conditions, a bearing 
indicator with a high speed of response gives the 
required information in short intervals between 
interfering signals. 

Finally, the fact that a single-receiver instru- 
ment under automatic gain-control may not give 
an indication of propagation conditions likely 
to lead to serious error is only of importance 
under the sort of conditions liable to be en- 
countered at frequencies below, say, 50 mega- 
cycles per second, and it is of little consequence 
in direction-finding on very-high-frequency sig- 


nals from aircraft. At all material times these 
signals contain a substantial vertically polarized 
component and have a large angle of incidence. 
In general, conditions capable of giving bad 
polarization errors are only to be expected when 
the aircraft has a high angle of elevation, and 
when this is the case its speed and proximity will 
generally preclude accurate direction-finding in 
any case. 


2.2.1 Identification. of Signal Components тп 
Single-Receiver Systems 


Various modulation schemes have been sug- 
gested for signal-component identification. In 
the 3-tone system described by C. F. A. Wag- 
staffe the signals from the two directional 
elements and the omni-directional element of the 
antenna system are modulated at different audio- 
frequencies. After amplification and detection, 
the 3 audio-frequency components are separated 
by filtering, and those corresponding to the 
directional elements have their frequencies 
changed to that of the third. The 3 components 
of common frequency are used to produce a 
bearing display similar in some respects to that 
of a balanced-receiver system. Although free 
from the fundamental disadvantages of the latter, 
the 3-tone system as described has certain short- 
comings and, in particular, the use of 3 modula- 
tion-frequencies is a complication which can be 
avoided. 

All the direction-finders described in this paper 
make use of the 2-tone system due to C. W. 
Earp,’ in which balanced modulation at different 
frequencies is applied to the signals from the 2 
directional-antenna elements only. This results 
in suppression of the carrier which is later re- 
stored in constant phase by the addition of a 
signal derived from the omni-directional an- 
tenna, the combined signal then passing to the 
common receiver. The use of balanced modu- 
lators renders the carrier level substantially 
independent of azimuth, and so permits a greater 
average depth of modulation. The output from 
the receiver includes 2 audio-frequency com- 
ponents, whose relative amplitudes depend on 
the line of bearing of the received signal and 
whose line phases, relative to those of the 
original modulating tones, depend on its sense. 


4 British Patent No. 496239. 
5 British Patent No. 490940. | 
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Fig. 1—First experimental model—block circuit diagram. 


Two methods of indicating the bearing are 
described in the original patent, one employing 
a cathode-ray oscillograph and the other an 
electro-dynamometer type of instrument. More 
recently, an improved form of oscillograph dis- 
play has been developed and is now used ex- 
clusively on the direction-finders here described. 

A variant of the 2-tone system uses quad- 
rature components of a single tone for balanced 
modulation of the directional signals. The phase 
of the receiver output at modulation frequency is 
then a linear function of the direction of arrival 
of the signal, which can therefore be determined 
by phase comparison with the modulating tone. 


DIRECTION - FINDER 
INDICATOR 


The process is electri- 
cally analogous to con- 
tinuous rotation of a 
loop antenna, dipole 
pair or goniometer 
search-coil, and thus 
yields an instrument 
related to the auto- 
matic direction-finders® 
proposed by Braillard 
and Goldschmidt," Ma- 
rique,® and others, and 
to the large class of instruments developed by 
Busignies.*!? The use of quadrature modula- 
tion does not greatly simplify the circuit if a 
linear radial bearing display is required on a 
cathode-ray oscillograph, and moreover, if the 
modulation frequency is high, the method has 
the serious disadvantage that a change in the 
modulation envelope phase-shift by an angle a, 
say, in the receiver or display circuits causes an 
identical. constant error in all bearings. With 
the 2-tone system the corresponding error is a 
quadrantal function of (1—cos o); it is quite 
negligible for small values of a and is in any case 
zero in the four cardinal directions. 


PLAN ARRANGEMENT 
OF ANTENNAS 


3. Preliminary Experimental 
Work 

Two experimental single-receiver 
direction-finders employing 2-+опе 
modulation were constructed prior to the de- 
sign of the prototype model. In the first of 
these, 3 separate transmission lines were em- 
ployed between the antenna system and the 
modulators and amplifier in the direction-finder 
office, and the band-width which could be 
covered without antenna and line adjustments 
was very restricted. In the second model, this 
difficulty was overcome by transferring the 
modulators and amplifier to the masthead. At 
the same time, the method of indicating the 
bearing was improved by the substitution of a 

5R. Keen, “Wireless Direction Finding," 3rd Edition, 
Iliffe, London, 1938; pp. 688-700. 


1 French Patent No. 516295. 

5]. Marique, "Un nouveau radiogoniométre А lecture 
directe," L'Onde Electrique, v. 10, p. 355; 1931. 

* H. С. Busignies, “Un nouveau radio-compas," L’Onde 
Electrique, v. 9, р. 397; 1930. 

1? Н, С. Busignies, “The Automatic Radio Compass and 
its Application to Aerial Navigation," Electrical Communi- 
cation, v. 15, pp. 157—172; October, 1936. 
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cathode-ray oscillograph for the original electro- 
mechanical indicator. The second model was 
used for much of the experimental field-work 
and many of the results quoted in Section 4.5 
were obtained with it. 


3.1 First EXPERIMENTAL MODEL 


This was designed to operate in the frequency 
band 100 to 125 megacycles per second, using 
a British Air Ministry receiver, Type R1132A. 


3.1.1 Theory 


This will be considered in some detail since 
the basic principles were preserved in all subse- 
quent equipment, though the circuit technique 
was changed radically. 

The form and inter-connection of the fixed 
Adcock antenna-array were conventional and 
will be apparent from the block circuit diagram 
and plan of the system, Fig. 1. The diagonal 
transmission lines TLus and TLgw were made 
equal to a half-wavelength in the mid-band 
frequency (112 megacycles per second), and 
transmission lines TLi, TL: and TL; were equal- 
ized electrically at the frequency of alignment. 
'The modulators and amplifier were located in the 
direction-finder office and had a common output- 
circuit connected to the receiver. 

When the antenna system is exposed to radia- 
tion of wavelength А having a vertical electric 
field strength &y and an azimuthal direction of 
arrival 0, it can be shown by the aid of well- 
known theory that the voltages applied to the 


amplifier and the N-S and E-W modulators are. 


respectively of the form 


ес=Ёсбү sin (оё — аз) (1) 

ём = Ёуѕбу sin (2rd cos B/N) 
X sin (wtt+ir—ßBys—a) (2) 

egw =Ёкт Оу sin (2rd sin B/N) 
X sin (әт Вет оз), (3) 


where Ёс, kys and kgw are constants of the 
system, от, аз, оз, ys and gw are the phase 
shifts in transmission lines of corresponding 
suffix and 2d is the diagonal of the antenna 
system. 

If 


ау=оз=оз=о, Bys=Bsw=3T 
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and 
kyg2ad/d = Ёру2т/\ =, 
and if 
2«d/X P1 (say), 


the expressions for the input voltages reduce to 


€c— kcÓ6y sin (wt — a) (4) 
ensœk Gy cos 0 sin (wt — o) (5) 
egwœk êy sin 0 sin (vf — a). (6) 


The sign of approximation in (5) and (6) indi- 
cates that octantal spacing-error is being ignored ; 
for exact equality, 2rd/^ would have to be 
indefinitely small. 

The signals (5) and (6) are modulated at 
frequencies fı and fz with suppression of carrier, 
and the signal (4) is amplified, all the outputs 
being combined in the common circuit to yield a - 
signal of the form 


eke 8 y sin (ot — o) [1 2- (&' / kc) 


X (cos 0 sin 2xfit+sin 0 sin 2afet) |], (7) 


where £c and &' are new constants including the 
gains of the amplifier and modulators respec- 
tively, those of the latter being assumed to be 


: equal. Phase shifts in the modulators and ampli- 


fier are assumed equal and omitted from (7) to 
avoid complication. 

Expression (7) represents the modulated signal 
applied to the receiver. The relative gains of the 
modulators and amplifier are assumed to be 
regulated to ensure that the maximum instan- 
taneous modulation depth &/4/2/kg (which is ob- 
tained for bearing angles making cos 0 = -Езїп 0) 
is less than the maximum modulation depth that 
can be handled by the receiver. In a typical case, 
allowing for a factor of safety, &'/kc would not 
be allowed to exceed 0.5. 

The output from the receiver contains com- 
ponents of current at the modulation frequencies 
fi and fz which are of the form 


ic-Kf(6y)[cos 0 sin (2mfit — 1) 
+sin 0 sin (2zfst —V2)], (8) 


where K is a new constant including the gain 
of the receiver and the load impedance, /(8у) 
depends on the law of the detector and yi, V» 
represent the modulation-frequency envelope 
phase-shifts through the receiver, and phase- 
shifts in the low-frequency circuits. 
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The current 4 passes through the signal coil of 
the bearing indicator whose field coils N-S and 
E-W are supplied with constant current 2; and 
ia derived from the modulating oscillators, and 
adjusted to be in phase with the corresponding 
components of the signal current. The instrument 
has a freely rotatable element carrying a pointer 
indicating on а 360-degree scale. If ф is the 
pointer reading, the law of the instrument is such 
that synphased currents in the signal coil and the 
N-S field-coil exert a torque on the moving ele- 
ment approximately proportional to their prod- 
uct and to sin ¢. Similarly, synphased currents in 
the signal coil and the E-W field-coil exert a 
corresponding torque proportional to —cos ф. 

Influenced by currents 7, 4; and 72, the moving 
element is acted upon by two torques varying 
at the modulation frequencies and takes up a 
mean angular position ф in which the average 
value of the sum of the torques is zero. This 
position is defined by 


av. value of (2:4, sin ф) 


—av. value of (7:2; cos ф) 20. (9) 
'Thus for the mean position 
cos 0 sin ¢—sin 0 cos ф==0 (10) 


or 
фсеоО. 


The mean position of the pointer therefore indi- 
cates the bearing of the incoming signal, and as 
the rotatable element is in general acted upon 
by torques varying at different frequencies, it 
vibrates at a frequency equal to their difference 
with an amplitude which depends on the strength 
of signal. This vibration is limited to the order 
of +1 degree or less by inertia, friction and eddy- 
current damping. 

Components of the receiver output-signal at 
frequencies other than fı and fe, including noise 
voltages, can only produce oscillatory or tran- 
sient movements of the indicator. These move- 
ments are small unless the signal components at 
fi and f» are very weak, corresponding with 
conditions close to maximum range. 


3.1.2 Practical Details 


The four dipoles were resonant at 112 mega- 
cycles per second and their diagonal spacing, 
76 centimetres, caused a maximum octantal 
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Fig. 2—First experimental model—instrumental error. 
Full line—uncorrected. Broken line—corrected for 2-de- 
gree (maximum) octantal error. 


error of 2. degrees at the same frequency. The 
antenna structure was carried on a 25-foot steel 
tubular mast, rotatable through 360 degrees to 
allow investigation of instrumental error on a 
single incoming signal. 

Transmission lines TLys and TLew were made 
from twin circular mineral-insulated copper-clad 
cable having a characteristic impedance of about 
70 ohms апа TLi, TL; were each made from two 
lengths of the same material parallel at both 
ends. TL, was a coaxial cable of similar construc- 
tion. Interchangeable link sections at the receiv- 
ing end were used to adjust the electrical lengths 
of these lines. 

The lines were coupled inductively to the 
amplifier and modulators, which comprised re- 
spectively a single CV1091 (EF50) high-fre- 
quency pentode, and two pairs of valves of the 
same type in push-pull input, parallel output 
connection. The five valves worked into a com- 
mon output circuit connected over a short line 
to the receiver. Modulating voltages at 45 cycles 
per second( fı) and 60 cycles per second( f2) were 
applied to the suppressor grids, and differential 
cathode bias-control on the modulators provided 
overall compensation for quadrantal error. 


3.1.3 Performance 


'The instrumental accuracy was measured on a 
local radiated signal by observing the “tracking” 
accuracy of the bearing indicator as the antenna 
system was rotated through 360 degrees in small 
steps, using a signal radiated by a field oscillator 
some 50 to 100 feet from the direction-finder 
antennas. This method was also used on subse- 
quent models. A typical instrumental error curve 
is shown in Fig. 2. 

With physically equal antenna lengths and 
optimum adjustments to lines and modulators, 
the maximum error at the frequency of align- 
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ment was nearly 2 degrees after compensation 
for octantal error. Quadrantal error increased to 
some 2 degrees (maximum) for frequency changes 
of +3 megacycles per second, giving a maximum 
error of about 4 degrees at the least favourable 
frequency and azimuth in any sub-band about 6 
megacycles per second wide between 100 and 125 
megacycles per second. i 

The sensitivity was measured in terms of the 
minimum field strength required to give a first- 
class bearing indication, which was somewhat 
. arbitrarily defined as one in which random noise 
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caused a pointer fluctuation of +5 degrees or less. 
At mid-band, the field strength required was 
about 6 microvolts per metre, with the modulator 
gains adjusted to give an instantaneous maximum 
modulation depth of 60 per cent. 


3.1.4 Limitations 


A. Frequency Coverage.—For frequencies differing from 
that of alignment by more than 3 megacycles per second, 
mis-phasing between sideband and carrier components of 
the signal caused increasing quadrantal error, loss of 
sensitivity and in extreme cases, sense reversal. 


B. Presentation of Bearings.—Friction and mechani- 
cal unbalance affected the accuracy of bearing indi- 
cation on weak signals, and inertia and damping 
limited the speed of response. There was no effec- 
tive indication of the strength or absence of a signal. 


C. Speech Reception.—Low modulation-frequencies 
were dictated by the design of the bearing indicator 
and resulted in poor intelligibility of speech repro- 
duction during direction-finder operation. 


3.2 SECOND EXPERIMENTAL MODEL 


The above limitations were largely over- 
come in a second model whose circuit. was 
later adopted with little alteration for the 
Admiralty D/F Outfit FV5 described below. 
The block schematic diagram (Fig. 3) ap- 
plies equally to both. 


Fig. 3—Second experimental model—block circuit 
diagram. (This diagram applies also to Admiralty D/F 
Outfit FV5.) 


REPEATER FOR 
REMOTE 


TO LINE 
INDICATION 


OSCILLO- 
GRAPH 


LOW- 
FREQUENCY 
AMPLIFIER 


LOUD-SPEAKER 


344 


ELECTRICAL COMMUNICATION 


| 
n-—-—-———————————————————t——— UO ————— — — 


3.2.1 Improvements in Technique 


A. Frequency Coverage.—Folded antennas were adopted 
with direct connection to the amplifier and modulators, 
which were transferred to the mast-head. This change was 
made possible by the use of CV53 (Standard Telephones 
and Cables type S26A) grounded-grid triodes working 
into a band-pass output circuit, connected over a single 
coaxial line to the receiver below. A useful increase in 
accuracy resulted from the improved shielding given by 
the grounded-grid arrangement. 

B. Presentation of Bearings.—To obtain cathode-ray- 
oscillograph indication, the modulation-frequency com- 
ponents of receiver output [expression (8), above] had 
first to be converted to a common frequency in separate 
channels, and then filtered to remove unwanted signal 
components and improve signal-to-noise ratio. The com- 
mon frequency finally chosen was zero, the conversion 
being effected in differential detectors working into re- 
sistance-capacitance filters of adjustable time-constant. 
Although this arrangement is exceedingly convenient from 
the point of view of the designer, bearing indication by 
the steady displacement of the oscillograph beam was found 
to be psychologically unsatisfactory; some form of radial 
sweep appeared to be necessary. Some improvement was 
obtained at first by modulating the deflection sensitivity 


of the oscillograph, but this arrangement was later aban-. 


doned in favour of an electronic switching circuit!! whereby 
the "spot" indication was converted to a full radial trace. 


C. Speech Reception.—1f the modulation frequencies and 
the difference between them were made high enough 
to eliminate all audible interference, large and very un- 
equal modulation-envelope phase-shifts would occur in 
the receiver. This would have been undesirable for high 
stability of phase adjustment, and a satisfactory com- 
promise was found in the use of 5 kilocycles per second for 
ДА and 6 kilocycles per second for f», with a sharp band- 
elimination filter in the speech circuit, centred on the 
difference frequency, 1 kilocycle per second, and a low- 
pass filter with cut-off at about 3 kilocycles per second to 
eliminate modulation-frequency components. The filters 
scarcely affected the intelligibility of speech. 


H British Patent No. 590260. 


Fig. 4—Calibrator circuit, 


3.2.2 Monitoring and, Testing 


As in the first model, the antennas were 
mounted on a mast, which could be rotated 
through 360 degrees for the measurement of 
instrumental error. A further check on the be- 
haviour of the antenna system was obtained by 
the inclusion of a small monitor oscillograph 
(CV967) to indicate the modulation depth and 
permit estimation of the relative phase angles 
between carrier and sideband-resultants. 

For checking the display circuits, a device was 
incorporated to simulate the modulation-fre- 
quency components of receiver output corre- 
sponding to any bearing 0. It utilized a simple 
geometrical property | of the square which does 
not appear to be generally known and has been 
found to have a number of other useful applica- 
tions. | 

'The arrangement lis illustrated in Fig. 4. 
Equal balanced-to-ground voltages at frequen- 
cies f, and f; are applied to the diagonally oppo- 
site points A, B, and С, D of a closed network of 
four equal, straight, uniform resistance elements 
arranged physically in the form of a square and 
resembling a Wheatstone bridge in which the 
battery and galvanometer are replaced by the 
sources of voltage at the two modulation-fre- 
quencies. A straight wiping contact arm OW is 
pivoted at O, the centre of the square, and by 
rotation in its plane сап таКе сопїасї аї апу 
point Р on the network. If angle AOP, the angu- 
lar position of the arm, is denoted by @ it can 
readily be shown that the point of contact P 
divides the element AC of the network so that 
AP/PC=tan 6. Thus the voltage picked up by 
the contact arm contains components at fre- 
quencies f; and fi in| the ratio (tan @), and is ` 
therefore equivalent to the receiver output corre- 
sponding with a signal from a direction 6. 
Symmetrical deformation of the resistance net- 
work can be made to simulate various types of 
periodic error. For example, a circufar network 
gives an octantal error of maximum value 4 
degrees, of sign opposite to that of the octantal 
spacing error in an Adcock antenna system. 

It may be noted that the device provides a 
facility similar to that of the angular calibrator 


of Watson Watt, Herd and Bainbridge-Bell,? 


though in the present equipment it is not used to 


2 Reference 2, p. 162, 
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calibrate the oscillograph. Although generally 
referred to as a “calibrator,” it was usually em- 
ployed for preliminary adjustments and func- 
tional tests on the display circuits. By switching 
off the antenna modulators and using the cali- 
brator output to modulate any carrier wave at 
the grid of the central antenna amplifier the 
functional test could be extended to cover the 
receiver. 


3.2.3 Mechanical Construction 


The direction-finder office equipment was 
rack-mounted and with the exception of the 
cathode-ray-oscillograph units was accommo- 
dated on one 19-inch rack, 6 feet high. In later 
developments, the need for front accessibility 
and exceptionally rugged construction led to a 
considerable increase in size. 


3.2.4 Performance 


In performance, the second instrument re- 
sembled production models described in detail 
later. The improvement over the first model is 
indicated by an increase in working bandwidth 
by a factor of about four, the band 100 to 125 
megacycles per second being covered without 
adjustment. to antennas or lines. Later tests 
showed that the band could be increased to 100 
to 150 megacycles per second before serious 
difficulties with sideband phasing were encount- 
ered. For a much greater extension it is probable 
that folded dipoles would have to be abandoned. 

For practical purposes, the sensitivities of the 
two experimental models were similar, though 
the use of different methods of bearing indica- 
tion prevented direct quantitative comparison. 


4. British Admiralty D/F Outfit FV5 


This direction-finder was developed for use on 
aircraft carriers and covered the frequency band 
100 to 150 megacycles per second. The circuit is 
essentially the same as that of the second experi- 
mental model (Fig. 3) except that a single output 
circuit with remote tuning-control was used in 


the antenna system. A prototype known as. 


“Admiralty D/F Outfit FV5X" was made in 
small numbers and covered the band 115 to 145 


megacycles per second with a band-pass output 
circuit. In other respects it resembled the produc- 
tion equipment. 


4.1 ANTENNA SYSTEM 


'The construction of the antenna system is 
shown in the photographs, Figs. 5 and 6, and 
the circuit in schematic form in Fig. 7. 


Fig. 5—FV5 antenna system. 


346 


4.1.1 Mechanical Construction 


Polythene-covered folded-dipole antennas are 
mounted on short stubs projecting from the 
corners of a cast aluminium-alloy box whose 
hinged lid carries the central folded monopole. 
The box is supported by a short tubular column 
mounted on a junction box and capable of 
limited rotation for test purposes. The whole 
assembly is water-tight and is normally bolted 
to the top of a steel lattice mast, hinged at its 
base, which is carried on a sponson at a level 
somewhat below the flight-deck. The mast may 
be lowered outboard into a horizontal position 
when the direction-finder is not in use. 

Within the box, the air-dielectric "diagonal" 
transmission lines actually run in cast metal 
shields of rectangular section fixed along the 


Fig. 6—FV5 antenna system —view from above with lid open. (1) Port-to-starboard 
modulator. (2) Fore-to-aft modulator. (3) Central amplifier. (4) Common output circuit. 


(5) Silica-gel desiccator. (6) Central antenna contact. 
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inner sides. Plug-in modulators and central 
amplifier facilitate valve changing ; their arrange- 
ment can be seen in Fig. 6. The box also con- 
tains the common output circuit and a mains 
transformer for valve heaters. The total weight 
of the water-tight antenna assembly as illus- 
trated in Fig. 5 is 160 pounds. | 

Diagonal spacing of antennas is 76 centimetres, 
giving maximum octantal errors of 1.6 degrees at 
100 megacyles per second and 3.8 degrees at 
150 megacycles per second, normally included 
in the site error calibration. When the direction- 
finder is used on land it is advantageous to use a 
cathode-ray-oscillograph scale compensated for 
octantal error. Such compensation is appropriate 
on instruments designed for direct-ray operation, 
when great accuracy is not required on high-angle 
signals. 


4.1.2 Circuit 


The conventional Ad- 
cock arrangement was 
retained (Fig. 7) but the 
use of folded antennas 
permitted direct connec- 
tion to modulators and 
amplifier and so assisted 
in the maintenance of 
‘good sideband phasing 
and quadrantal balance 
over the frequency band. 
Within the band the 
folded antennas show a 
rather smaller variation 
in phase angle than 
plain antennas, and are 
therefore proportion- 
ately less critical as to 
length. LAN 

As in earlier models 
the diagonal transmis- 
sion lines are designed 
to match the antennas 
(300 ohms) and to have 
a total electrical length 
of about half a wave- 
length at the mid-band 
frequency. 

Resistive shunts are 
used to give the balanced 
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modulators an input impedance of about 150 
ohms at mid-band, the valve input capacitances 
being annulled at this frequency by shunt induc- 
tances. Centre-taps on the latter are by-passed to 
ground to reduce "antenna effect” and connected 
to a differential cathode bias control in the 
direction-finder office for quadrantal balance 
adjustment. Modulation is applied at the control 
grids which are effectively grounded for signal- 
frequency currents by condensers integral with 
the valve housings. 

The central antenna and its inverted amplifier 
are approximately matched by virtue of negative 
feedback so that no resistive loading is necessary 
in this case. The amplifier input capacitance is 
annulled at mid-band as in the case of the modu- 
lators, and provision is made for applying modu- 
lating voltage to the grid from the calibrator for 
test purposes (Section 3.2.2). 

The output circuit, tuned by remote control 
from the direction-finder office, is common to all 
five valves and at the optimum tapping a single 
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Fig. 7—Circuit of FV5 antenna system. Key to interconnection with direction-finder office 
equipment: (1) To fixed cathode resistance. (2, 3) To differential variable cathode resistances. 


coaxial line to the receiver is connected. Any 
slight stray signal picked up on this line merely 
changes the amplitude, or shifts the phase of the 
carrier component to a small extent, and there- 
fore has little or no effect on the accuracy of 
direction-finding. 


4.1.3 Factors Affecting Accuracy and Sensitivity 


The accuracy of the antenna system depends 
on a number of factors of which the following are 
the most important: 


A. Mechanical Construction.—The general use of ma- 
chined castings for the structural work ensures adequate 
geometrical accuracy. With air-dielectric diagonal trans- 
mission lines the maximum reciprocal error which can be 
produced by (electrical) eccentric connection of the bal- 
anced modulators is x/d radians, where x and 2d are the 
eccentricity and antenna diagonal respectively, in the 
same units. For 0.5-degree maximum error, this requires 
that the eccentricity should be less than about 3 milli- 
metres; the general accuracy of construction is such that 
adjustment of the point of connection during factory tests 
is not necessary. 
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(4) From ground (normal operation), or from calibrator (modulation test). (5, 6) From 5 kilo- ^ PLAN ARRANGEMENT 


cycle-per-second oscillator. (7, 8) From 6 kilocycle-per-second oscillator. 
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B. Sideband-to-Carrier Phasing —This is kept as close as 
practicable over the frequency band in order to maintain 
sensitivity and minimize the effect on accuracy of un- 
wanted modulation components such as might result, for 
example, from any residual carrier feedback into the 
modulators. 

C. Quadrantal Balance of Modulators.—This is the only 
factor affecting accuracy that is under control in a working 
direction-finder of this type. It is adjusted by a method: 
described in detail in Section 4.4. 

D. Modulation Depth.—For good sensitivity and signal- 
to-noise ratio, and freedom from stray effects, the modula- 
tion depth should be as high as possible consistent with 
the avoidance of octantal error. In practice, a factor of 
safety must be allowed for variations in replacement valve 
characteristics. 


4.2 DIRECTION-FINDER OFFICE EQUIPMENT 


This is mounted in a rack combined with the 
operator’s desk and is illustrated in Fig. 8. The 
receiver, control panel, bearing indicator and 


monitor oscillographs are carried on the sloping 
panel immediately behind the desk, the remain- 
ing low-frequency circuits being mounted on 
hinged sections of the rack above. Power supply 
units are mounted below the desk. 


4.2.1 Common Amplification Channel 


This part of the circuit is conventional and 
comprises a superheterodyne receiver (Admiralty 
Type P47) having an intermediate-frequency 
band-width of 90 kilocycles per second (to 6 
decibels down) followed by a low-frequency am- 
plifier which drives the differential detectors. 

The receiver has two stages of radio-frequency 
amplification and three stages of amplification 
at an intermediate frequency of 9.72 megacycles 
per second. The supersonic heterodyne is derived 
from a crystal oscillator with frequency multi- 

plication by a factor of 
` 18. For direction-finder 
operation, the receiver 
uses biased amplified 
automatic gain-control. 
At mid-band, the out- 
putsignal-to-noise ratio 
is 20 decibels for an in- 
put signal of 3 micro- 
volts modulated 30 per 
cent at 1000 cycles per 
second, in series with 
100 ohms. The envelope 
phase-shift through the 
receiver at modulation 
frequencies (chiefly in 
the intermediate-fre- 
quency amplifier) is 
about 25 degrees. 
The low-frequency 
amplifier includes two 
high-gain — pentode 
stages (CV1935) under 
biased automatic gain- 
control developed from 
the output of the 
final push-pull stage 
(CV1052). The first 
stage is carefully 
shielded because stray 


pick-up at modulation 
frequencies cannot be 
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Fig. 9—Differential detector circuit. 


balanced out at a later stage when automatic 
gain-control is used. 


4.2.2 Separation of the Orthogonal Оин 
Components of the Signal 


The low-frequency output from the common 
channel consists mainly of components at the 
modulation frequencies fı and f» (5 and 6 kilo- 
cycles per second). These are separated and 
converted to zero frequency in the differential 
detectors, illustrated in principle in Fig. 9. 
Input.transformers Tı, Тз, tuned to fı and f» 
apply voltages which may be up to 200 volts 
(root mean square) to pairs of diode peak detec- 
tors, DiD{ and DD; respectively. Each pair 
of diodes is also supplied in parallel with a 
"reference voltage" or zero-beat heterodyne sig- 
nal, derived from the corresponding modulating 
oscillator. The reference voltages are initially 
adjusted to be in line phase with the signal com- 
ponent of corresponding frequency. The direct- 
current output from each detector can be re- 
garded as a zero-frequency voltage proportional 
to that component of the signal from which it is 
derived, and having a “phase” (polarity) which 
is determined by the phase of that component, 
in the sense that a reversal of one causes a 


reversal of the other. 
To ensure amplitude 
proportionality, the 
magnitude of each 
reference voltage must 
be at least half that 
of the corresponding 
push-pull input signal. 
Referring to the fı de- 
tector, Fig. 9, the po- 
tential divider RRs 
determines the mean 
output potential with 
respect to ground while 
the adjustable poten- 
tial divider RiR3Re is 
a cathode-ray oscillo- 
graph centering control 
which  equalizes the 
F and A output po- 
tentials in the ab- 
sence of signal. Each 
reference-voltage phase 
is adjusted to give maximum cathode-ray oscillo- 
graph deflection in the appropriate direction, and 
the adjustment is stable within 1 degree over 
long periods. Misphasing causes only quadrantal 
error on weak signals, but an octantal component 
appears when the input signal becomes compar- 
able in amplitude with the reference voltage. 

Initial quadrantal error due to unbalance 
between differential detectors and unequal de- 
flection sensitivities in the cathode-ray oscillo- 
graph is compensated by the differential shunt 
resistance network Ra-Ro. 

So far, we have only considered the action of 
the detector on input signals of the desired fre- 
quency. For all others, the differential voltages 
between the diode anodes alternate at the corre- 
sponding difference-frequency, and unless this is 
extremely low the effect on the output voltage is 
completely eliminated by the resistance-capaci- 
tance filter combination RsCiC2R;. This has a 
time-constant of about 0.03 second and allows 
adequate response to transmissions as short as 
0.1 second. The speed of indication so obtained 
is high enough for all telephony-modulated trans- 
missions and is generally used under conditions 
of interference. A shorter time-constant could be 
provided, if required for keyed transmissions. 
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Fig. 10—Convertor circuit. 


For most purposes a 
time-constant of about 
0.3 second is preferred 
and is obtained by ad- 
dition of the condenser 
Сз. A time-constant of 
about 1 second is some- 
times advantageous on 
extremely weak signals 
and is obtained by 
switching in condenser 
C, The “slow” indica- 
tion so obtained is not 
suitable for use when in- 
terference is likely. 

The three speeds of 
indication— "fast," ‘‘me- 
dium" and  "slow"— 
correspond to the usc of 
filters of bandwidth (to 
3 decibels down) 10, 1 
and 0.3 cycles per second. 
Their effect on the ease 
and accuracy of reading 
when the signal is weak 
can be seen in Table 6, 
and in the photographs, 
Fig. 12. 


4.2.3 Generation of the 
Radial Trace 


The “convertor” cir- 
cuit, Fig. 10, is inter- 
‘posed between the dif- 
ferential detectors and 
the corresponding de- 
flector plates of the 
cathode-ray oscillograph 


Fig. 11— (a) Convertor in- 
put potentials and corre- 
sponding output waveforms 
for bearing 000 degrees. (b) 
Repeater output waveforms 
for various cable time-con- 
stants. The waveforms in (b) 
correspond with F in (a), and 
the following time-constants : 
F,—0.25 millisecond, F,—0.5 
millisecond, F;—2.0 millisec- 
onds. 
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to change the form of the deflecting potentials 
without affecting their relative amplitudes. 

The deflector plates of the cathode-ray oscil- 
lograph are connected periodically (at about 135 
cycles per second) to a common point by syn- 
chronous high-vacuum triode electronic switches 
controlled by a voltage of rectangular waveform. 
When the valves conduct, the condensers Cyr, 
Ca, Cp and Cs associated with the Е, A, P and S 
deflector plates of the cathode-ray oscillograph 
are discharged rapidly through relatively low 
resistances, and are charged relatively slowly 
through the high resistances Rr, Ra, Rp and Rs 
when the valves are cut off. The luminous spot 
on the cathode-ray-oscillograph screen generates 
the indicating trace by outward radial movement 
during the charging part of the cycle, and the 
discharge ‘“‘fly-back” is so rapid as to be barely 
visible at normal brightness. The radial line is 
straight provided only that the charging time- 
constants CrRr, CaRa, CpRp and CsRs are all 
equal, a condition which is unaffected by valve 
characteristics. So long as the valves conduct 
sufficiently well to bring the trace close to the 
centre of the screen, their characteristics have no 
effect on the accuracy of bearing indication. 
Valve failure is indicated at once by the trace 
becoming 'detached'" from the centre of the 
screen. The charging time-constants are such as 
to permit the deflector plates to reach about 90 
per cent of the steady input potential before 
discharge occurs. 

The steady input potentials and the wave- 
forms of the four output voltages from the con- 
vertor circuit, corresponding to the indication of 
bearing 000 degrees are shown in Fig. 11(a). 
(The voltages applied to the port and starboard 
deflector plates are identical for this condition.) 
'The relatively long period of quiescence in each 
cycle ensures the effective marking of the origin 
of the trace, and facilitates remote indication 
(Section 4.3). 


4.2.4 Bearing Indicator 


A 12-inch electrostatic cathode-ray tube 
(CV275) is used as the bearing indicator. Tubes 
of this type are individually calibrated and read 
bearings relative to ship’s head on a 6-inch- 
diameter scale attached to the tube face. Bear- 
ings relative to true north are read on a separate 
annular scale of 8.5-inch diameter controlled by 


the ship’s master gyro-compass, using an angu- 
lar cursor. At the working final anode potential of 
1900 volts, the deflection sensitivity of the 
cathode-ray oscillograph is about 0.4 millimetre 
per volt for both pairs of plates, the difference 
being less than 5 per cent. 

An auxiliary focusing control is used in an 
otherwise conventional circuit to bring the 
radial trace to sharpest focus at the outer ex- 
tremity, giving it a slight taper. The control is 
obtained by adjusting the third anode to a 
potential close to that of the deflector plates at 
the end of the working (charge) stroke. 

The brightness of the trace is sufficient for day- 
light observation without a viewing-hood ; some 
idea of the general appearance of the display 
can be obtained from Fig. 12 which shows un- 
retouched photographs of typical bearing indica- 
tions on strong and weak signals, at 122 mega- 
cycles per second. The green fluorescence of the 
CV275 is not very suitable for photography and 
a rather long exposure (30 seconds) was used; 


. external interference during exposure has in- 


creased the angular width of the trace slightly in 
some cases. 


4.2.5 Monitoring and Testing Circuits 


These were similar to those of the second ex- 
perimental model, with the exception of the 
calibrator. For convenience in manufacture and. 
routine testing, this was constructed as a closed 
network of fixed non-inductive resistors with 
16 tapping-points selected by a rotary stud 
switch, and corresponding with the cardinal, 
mid-quadrant and mid-octant bearings. 


4.3 REMOTE ÍNDICATION 


Remote indication at distances up to 500 feet 
(cable length) was introduced at a comparatively 
late stage in the development. Direct parallel 
connection of.corresponding deflector plates of 
the local and remote oscillographs being im- 
practicable, а cathode-follower "repeater" cir- 
cuit of four triode-connected CV1091 (ЕЕ50) 
valves was interposed. Transmission of potential 
variations up to 350 volts necessitated high 
cathode resistances (50,000 ohms) for power 
economy, and the limit of signalling distance was 
set by the discharge time-constant of the line 
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Fig. 12—Typical FV5 bearing indications on cathode-ray tube CV275 (gyro-compass scale and cursor removed). 
Upper, left—Medium-speed indication, strong signal (about 1 millivolt per metre). Upper, right; Lower, left; and 
Lower, right—Fast, medium and slow-speed indications on a weak signal (about 6 microvolts per metre). 


capacitance/cathode resistance combinations. 
The curves Fi, Е and Ез of Fig. 11(b) show the 
repeater output waveforms corresponding with 
cable capacitances respectively below, equal to, 
and above, the maximum for correct operation. 
Excessive capacitance causes the radial trace on 
the remote cathode-ray oscillograph to become 
"detached" from the screen centre. 'The beam of 
the remote cathode-ray oscillograph is cut off 
during the discharge stroke, which is necessarily 
slower than on the local tube, and might other- 


wise cause a prominent and possibly curved 
“flyback.” 

Any small relative quadrantal error between 
local and remote cathode-ray-oscillograph tubes 
is compensated by a pre-set differential resistive 
potential divider. 

The remote indicator, Fig. 13, includes an 
oscillograph unit identical with that of the main 
direction-finder equipment. There are no opera- 
tional controls other than those required for 
normal oscillographic adjustments. 
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4.4 COMPENSATION FOR QUADRANTAL ERROR 


Considering the system as a whole, it is clear 
that although practically all the amplification 
takes place in a common channel, there remain 
a number of points in the circuit at which the 
signals from the two directional-antenna com- 
binations will experience different treatment, 
resulting in quadrantal error. Compensation for 
error arising in the low-frequency circuits is 
made by pre-set adjustment in the differential 
detector (Section 4.2.2), using a test signal 
from the calibrator. Any overall quadrantal error 
is then compensated by differential control of 
modulator bias, using a vertically polarized test- 


signal from a source located about 100 feet from. 


the direction-finder antenna system on a mid- 
quadrant bearing. 

In the absence of reciprocal or site errors, it 
would be sufficient to adjust the indicated bear- 
ing of the test signal to the appropriate mid- 
quadrant reading on the cathode-ray-oscillo- 
graph scale. For best accuracy, however, it is 
generally necessary to take such errors into ac- 
count by adjusting the indication to a slightly 
different angle, predetermined as follows: 

The antenna system is set successively at the 
four angles that bring the relative bearing of the 
source into each of the four mid-quadrant (rela- 
tive) directions in turn, and after observing the 
error in each case the mean quadrantal error is 
computed with due regard for sign, a process 
which necessarily eliminates the effects of re- 
ciprocal and. site errors. With normal antenna 
orientation, the indication on the cathode-ray 
oscillograph is then re-adjusted to eliminate the 
computed error, and the indicated bearing is re- 
corded for use in any subsequent re-adjustment. 
For the most accurate results, the angle is 
measured for each of the working frequencies. 

A method of quadrantal adjustment by direct 
injection of test signals is under development. 
While it has the advantage of being independent 
of site error, there are formidable difficulties in 
ensuring that the injected signals in each of the 
three components of the antenna system corre- 
spond closely in phase over the whole frequency 
band with those due to normal reception. In 
addition, the circuit must be simple and highly 
stable if it is to serve as a standard of 
adjustment. 


4.5. PERFORMANCE 


Data presented in this section relate to the 
accuracy and sensitivity of the direction-finder 
as determined by factory tests and field trials. 
Figures for accuracy are treated on a statistical 
basis, since the instrumental error of an auto- 
matic direction-finder is a function of both fre- 
quency and azimuth. 

Adequate information on the performance of 
an FV5 quipment on a good site is lacking, since 
the few that have been installed temporarily 
on land have not been subjected to rigorous 
trials with co-operating aircraft. The perform- 
ance on board ship is not of general interest since 
it does not represent, even approximately, that 
to be expected on land. It has therefore been 
considered preferable to quote results obtained 
with the second experimental direction-finder in 
the course of extensive field trials carried out 
with the co-operation of Fighter Command, 
Royal Air Force, at Tangmere, Sussex. The value 
of these results is enhanced by the fact that 
simultaneous trials were carried out on a widely 
used manual direction-finder of good design, 
installed on an adjacent site. 

The results obtained during these field trials 
are also of value for the indirect evidence which 
they afford on the performance of the system in 


Fig. 13—FV5 remote indicator (for deck-head mounting). 
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respect of polarization error. No direct quantita- 
tive study of this has yet been made. 


4.5.1 Instrumental Accuracy 


The most useful method of expressing the in- 
strumental accuracy of production direction- 
finders would be by means of a statistical analysis 
of the overall errors of a series of complete 
equipments. Unfortunately it is not practicable 
to test each equipment as a complete installation. 
In production, each antenna system is tested 
with one typical direction-finder office equip- 
ment on a permanent test-site. All figures relat- 
ing to the accuracy of antenna systems therefore 
include the relatively small errors of this equip- 
ment. Each production office-equipment, on the 
other hand, is tested using its own built-in cali- 
brator, and the errors observed include those of 
the calibrator circuit which is designed for 
functional tests and is not really accurate enough 
to serve as an absolute standard. Finally, the 
direction-finders cannot be tested with the 
cathode-ray tubes which will be used in subse- 
quent operation. These facts must be borne in 
mind when considering the results given below. 

In this section statistics are given for the ac- 
curacy of antenna systems in conjunction with a 
typical direction-finder office equipment, for the 
accuracy of remote indication, and for the ac- 
curacy of calibrated cathode-ray tubes, based on 
the maker’s tests. The statistics are supple- 
mented by a number of error curves. 

Production tests on antenna systems are made 
at three frequencies after individual modulators 
and central antenna amplifiers have been sub- 
jected to valve ageing for 50 hours under working 
conditions (to eliminate any early failures) and a 
short vibration test simulating mast-head condi- 
tions in a ship installation (5 minutes vibration 
at 10 cycles per second, 0.2 inch amplitude). 


Errors are measured in the four cardinal and four 
mid-quadrant directions by the method indi- 
cated above (Section 4.4). Octantal errors, being 
calculable, are not normally measured. 

The results of routine tests on 20 consecutive 
antenna systems from the production line are 
summarized in Table 1, which shows the root- 
mean-square errors for each frequency, in each 
of the eight directions of measurement, and in 
Table 2 which shows for each frequency, (a) the 


TABLE 2 
1- Maximum 
Frequency Approxi Errors in Percentage Total 
an oe Probable Degrees Greater Bro d 
cycle per 4 b- 
Second jp 2 urea servations 
+ pum 
100 0.6 2 2.5 0.7 160 
122 1.1 2.5 3.5 3 160 
150 1.25 3 3 14 160 


probable error, (b) maximum errors and (c) 
the percentage of errors exceeding 2 degrees. 
The distribution of errors for the three fre- 
quencies is shown in diagrams (a), (b) and (c) 
of Fig. 14. Making allowance for the compara- 
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Fig. 14—Distribution of errors on twenty FV5 
antenna systems. 


tively small number of observations and the 
fact that errors are only recorded to the nearest 
0.5 degree, it is noteworthy that diagram (a), 
for 100 megacycles per second, is a reasonable 
approximation to the typical probability-curve 


'of purely random errors, such as those of ob- 


servation. Diagrams (6) and (c) show quite 


: TABLE 1 

pane 
Nominal Bearings and Corresponding Errors (Root-Mean-Square Degrees) 
: Frequency Root-Mean- | Total Number 
in Megacycles Fore Starboard Aft Port Square Error, о 
per Second All Bearings Observations 
000 045 090 135 180 045 090 135 

100 061 | 078 | 103 | 082 | 082 | 0.95 | 092 | 0.96 0.87 | 160 

122 0.98 1.23 1.54 1.82 0.46 1.07 1.49 1.61 1.34 160 

150 1.06 1.92 1.72 1.46 1.45 1.34 1.34 1.69 1.52 160 
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different distributions, since at 122 and 150 ete W 
megacycles per second there are components of  &, б Br" 
reciprocal form, sinusoidal for variation of azi- og d TN ANA 225 S id 
muth. Periodic errors of this type do not give a ge ЕД oer dil — g +258 
normal distribution-curve, because the prob- E -4 m 
ability that errors will be nearly zero is actually 76556 180 000*6 


090 
STARBOARD 


090 
PORT 


less than the probability that they will be near 
the maximum for the function. Diagrams (5) 
and (c) represent the combined effect of errors 
that vary sinusoidally with azimuth and of 
random errors of observation. 

'The accuracy of the remote indicator system 
is checked by taking error curves with the same 
cathode-ray tube placed first in the main indi- 
cator position, and then in the remote indicator 
unit. The maximum relative error permitted is 
1 degree. The root-mean-square values of rela- 
tive error for a group of twelve production 
equipments are given in Table 3, for each of the 
sixteen test bearings. 
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' Fig. 15— Distribution of errors on 44 calibrated 
cathode-ray tubes, CV275. 


The accuracy of the calibrated cathode-ray 
tube Type CV275 is illustrated in the distribu- 
tion diagram, Fig. 15. This is based on produc- 
tion tests on a run of 44 tubes, measured at 
angular intervals of 22.5 degrees. The probable 
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Fig. 16—Typical FV5 instrumental error-curve at 122 
megacycles per second. Full line: as taken on uniform 


Scale. Broken line: effect of scale compensation. 
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Fig. 17—Apparent errors of typical FV5 indicator circuits. 
Full line—main indicator. Broken line—remote indicator. 
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Fig. 18—Apparent errors of indicator circuit 
used on FV5 antenna test-site. 


error appears to be considerably less than 0.25 
degree. 

The overall error-curve for a typical direction- 
finder is shown in Fig. 16, which illustrates the 
effect of using a bearing scale compensated. for 
octantal error to the extent of 2 degrees (maxi- 
mum). Fig. 17 shows the apparent errors of the 
low-frequency circuit of a typical production 
office-equipment, including any error contributed 


TABLE 3 
А Еоге Starboard All Bearings, 
Nominal Relative Bearing in Degrees 192 Observa- 
000 | 022.5 | 045 | 067.5 | 090 | 112.5 135 157.5 tons 
Relative Error, Root-Mean-Square Degrees 0.52 | 0.38 | 0.44 | 0.42 | 0.13 | 0.38 | 0.21 | 0.46 0.60 
Port Aft 
Nominal Relative Bearing in Degrees т 
022.5 045 067.5 090 112.5 135 157.5 180 
Relative Error, Root-Mean-Square Degrees 0.68 | 0.58 | 0.65 | 0.68 | 0.60 | 0.61 | 0.66 0.31 
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by the internal calibrator, as explained above. 
Similarly, Fig. 18 shows the apparent errors of 
the antenna test-site equipment. 


4.5.2 Field Tests on Accuracy 


Simultaneous trials were carried out at Tang- 
mere in August-September, 1943, on.the second 
experimental direction-finder described above, 
and on an Air Ministry manual very-high-fre- 
quency direction-finder, Type 2A. They were 
installed on good average sites about 100 yards 
apart, and so far as possible bearings were meas- 
ured simultaneously on the same transmissions. 

Test signals were provided by an Avro Anson 
aircraft flying over a series of ‘“‘pin-points” on a 
course embracing the two northern (landward) 
quadrants, at distances ranging from 25 miles 
in the east (Brighton), to 55 miles in the west 
(Wimborne Minster). The heights flown were 
2000 to 5000 feet depending on weather condi- 
tions and range. Bearings on both direction- 
finders were observed by Service operators with- 
out previous experience of the automatic system. 
Transmissions were of 5 to 10 seconds duration. 
All automatic observations have been corrected 
for the mid-band octantal error of 2 degrees 
(maximum) as.the observations were made on a 
uniform bearing scale. 

Table 4 and the error-distribution diagrams 
(а) and (b) of Fig. 19 summarize the results of the 
five main series of observations, which were 
carried out at 106 megacycles per second (two 
series) and at 110, 114 and 120 megacycles per 
second. The two greatest errors recorded on the 
manual instrument could not be recorded on the 
distribution diagram (а) due to limitations of 
space. Test No. 5 was subject to frequent jam- 
ming, and the superior performance of the auto- 
matic system in this case is noteworthy. 


The results as a whole show that the perform- 
ance of the automatic direction-finder was more 
consistent, judging from the smaller maximum 
errors and higher percentage of first-class bear- 
ings. However, the best performance on a single 
series of observations was given by the manual 
instrument. This result was not unexpected and 
illustrates the fact that the results obtained with 
such an instrument depend greatly on the skill of 
the operator and on the prevailing conditions. 


NUMBER OF OBSERVATIONS 
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Fig. 19— Distribution of errors for field trials at Tang- 
mere. (a) Manual direction-finder, Air Ministry Type 2A 
(169 observations). (b) Second experimental automatic 
direction-finder (186 observations). 


The accuracy of the direction-finders on high- 
angle signals appeared to be about the same, 
judging from the results of a number of simul- 
taneous qualitative tests on an aircraft flying 
directly over the direction-finder site. Automatic 
indications remained fairly steady up to 45 to 60 
degrees elevation, after which increasingly vio- 
lent fluctuations occurred until at the highest 
angles one or more complete revolutions were 
sometimes noted. Corresponding effects were 
observed on the manual instrument—"'flattened"' 
minima, variations too rapid to follow, and fail- 
ure or reversal of sense indication. The instant 
of passage of the aircraft over the direction- 
finder site was easier to detect on the auto- 
matic equipment owing to its higher speed of 
operation. 


TABLE 4 
: Е E : Approximate Percentage 
Ev Number of Observations ors Deeds po Maium das of Errors Exceeding 
Test Number | in Megacycles dos 
per Second 

Manual Automatic Manual Automatic Manual Automatic Manual Automatic. 

1 106 35 41 1.02 1.93 2.5 б 74 24 

2 106 27 31 6.66 1.20 26 3 41 6 

3 110 40 40 1.37 1.23 2.5 3.5 5 8 

4 114 28 34 2.77 1.35 6.5 3.25 32 9 

5 120 - 40 43 2.37 1.07 10.5 2.5 20 5 

Al tests — 170 189 3.20 1.40 26 6 18 B 11 
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4.5.3 Effective Direction-Finder | Signal-to- Noise 
Ratio and Deflection Sensitivity 


Signal-to-noise ratio at the bearing indicator 
is a fundamental measure of the performance of 
an automatic direction-finder, since, for a speci- 
fied weak signal, it determines the reading ac- 
curacy attainable. In this section signal-to-noise 
ratios are not given explicitly, but in terms of an 
inversely related quantity, the ‘fluctuation 
angle" (-Edegrees) for signals of known strength. 

Deflection sensitivity has little theoretical 


significance-since it can be modified at will by ` 


simply changing the overall gain of the common 
amplification-channel. The gain available in the 
FV5 equipment is such that all signals that can 
be identified by speech modulation give a radial 
trace at least 1.5 inches long (half-scale deflec- 
tion). 

Measurements of fluctuation angle and deflec- 
tion sensitivity were made on fields of calculable 
strength. The source of signal was a generator 
feeding a vertical, elevated, resonant dipole some 
20 feet from the direction-finder antennas and 
at the same height above ground-level. An inde- 
pendent experiment showed that free-space 
propagation could be assumed without sensible 
error and the field was calculated from the 
relation 


6y — 601/4, 


where у = беја strength in volts per metre, 
I-antinode current in amperes, cal- 
culated from generator output- 
voltage, and 
d = distance from dipole in metres. 


Mean figures quoted in the tables were based 
on three sets of measurements, made with two 
generators of the same type and a third of an 
entirely different type. 'The spread of individual 
observations did not exceed 4-15 per cent about 
the mean figures given. 


TABLE 5 
Frequency in Megacycles per Second 106 122 150 
- Field Strength in Microvolts per | 6.5 4 2.5 


Metre for 1.5-Inch Trace 


Table 5 shows the mean field strengths re- 
quired for a 1.5-inch radial trace at three fre- 
quencies distributed through the band. 


Table 6 shows the approximate fluctuation- 
angle for the three speeds of indication, for a 
trace length of 1.5 inches, corresponding to the 
field strengths of Table 5. For a given trace- 
length the fluctuation angle was roughly inde- 
pendent of frequency, within the limits of experi- 
mental error. ; 


TABLE 6 

Approximate P TM 
Indication Time-Constant of Fl pore е М 

Speed Differential Detector uctuation-Angle 

in Seconds in Degrees 
Fast 0.03 +9 
Medium 0.3 43 
Slow 1.0 +1 


4.5.4 Field Tests on Effective Range 


An indication of the effective range of the 
FV5 direction-finder is given by the results of 
some tests carried out on the second experimental 
model in the course of the field trials at Tangmere 
briefly described in Section 4.5.2. Owing to un- 
favourable weather it was not possible to obtain 
more than a limited number of observations, 
mainly at 120 megacycles per second. The air- 
craft carried a transmitter rated to deliver 5 
watts and flew at heights of 6000 to 7000 feet; the 
direction-finder antenna-system was mounted at 
a height of 24 feet. Bearings were observed in the 
north-west quadrant and the trace length was 
recorded as the aircraft reported position at pre- 
selected points, identified visually. Trace lengths 
of 1 to 2 inches (about half-scale deflection) were 
observed on 8 occasions at an average range of 
89 miles, and of 2.5 inches or more on 17 occa- 
sions at ranges averaging 75 miles. The results 
were rather erratic, including a deflection as 
small as 1.5 inches at only 77 miles, and a full- 
scale deflection at 98 miles; this was doubtless 
due in part to the nature of the intervening 
country and perhaps to the aspect of the aircraft. 

The figures suggest a half-scale-deflection 
range of about 80 miles at 120 megacycles per 
second for an aircraft at 6000 feet, and a few 
observations made at 106 megacycles per second 
suggest a corresponding range of about 70 miles 
at the lower frequencies in the band 100-125 
megacycles per second. 

: With automatic gain-control in use the de- 
flection-to-range characteristic is very flat up 
to ranges of 65 to 75 miles (aircraft at 6000 feet), 


+ 
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but falls off extremely sharply for ranges exceed- 
ing that at which half-scale deflection is obtained. 
This is due to the combined effect of the falling- 
off in field strength according to an inverse 
square (or higher) law and the square-law recti- 
fication of weak signals. 

In range, as in accuracy, the results obtained 
with the manual direction-finder were found to 
depend greatly on the skill of the operator, but 
on the average the maximum effective range was 
about the same for both systems. 


5. Very-High-Frequency Automatic Direc- 
tion-Finders for Land-Station Service 


The Admiralty D/F Outfit FV5 is being 
adapted for use on land, at direction-finder 
stations associated with civil and military 
aerodromes. The immediate requirements for 
this service are remote indication with speech 
monitoring and facilities for adjusting quadrantal 
balance in the control tower, while the main 
direction-finder equipment works unattended 
on an open site which will generally be at least 
half a mile from the main aerodrome buildings. 
Taking a longer view, full remote operation with 
frequency selection from the control tower is 
desirable for economy in staff, while simultane- 
ous multi-channel working and interconnection 
of local and remote equipment over normal tele- 
phone lines are equally desirable for economy in 
plant and transmission circuits. 


5.1 DIRECTION-FINDER Tyre P.V.1—A 


Adapted to meet the immediate requirements 
stated above, this is essentially the same as the 
FV5 except that the bearing repeater circuit has 
been modified to permit remote indication up 
to about a mile from the main direction-finder 
equipment, or up to nearly three miles with the 
sweep frequency of bearing indication reduced 
from 135 to 50 cycles per second. 


5.1.1 Remote Indicator Circuit 


Reference to curve F; of Fig. 11(6) (Section 
4.3) shows that to increase the range of remote 


indication of the FV5 system it is necessary either - 


to accelerate the discharge of the line capaci- 
tances during the “flyback” periods, ог to reduce 
the sweep frequency. For distances up to about 


one mile the former method was adopted, the 
discharge being accelerated by electronic switches 
(triode-connected CV1060) shunted across the 
cathode-follower load resistances and controlled 
in parallel by a voltage derived from the radial 
sweep circuit (Section 4.2.3). By this means the 
line capacitance which could be discharged 
effectively at 135 cycles per second was increased 
from 0.01 microfarad to about 0.15 microfarad. 
'Triode-connected beam tetrodes CV345 were 
about four times more effective in reducing the 
discharge time-constant but did not allow a 
corresponding increase in line capacitance, which 
at a sweep frequency of 135 cycles per second 
was limited by the current-carrying capacity of 
the cathode-followers to about 0.25 microfarad. 
This corresponds to about one mile of light- 
gauge lead-covered and rubber-insulated power 
cable of 660-volt grade. 


5.1.2 Stability of Direchlion- Finder Circuits in 
Unattended Operation 


For stability in unattended operation the most 
significant adjustments are those of differential 
detector centering and phasing, and overall 
quadrantal balance. The latter depends mainly 
on constancy of relative gain between the an- 
tenna modulators. 

Stability was investigated in a series of 6 tests 
of 8 hours and onc of 32 hours on a standard 
Admiralty FV5 equipment. Measurements on 
the significant adjustments made at hourly 
intervals yielded similar results in all tests. The 
results of the final 32-hour test were as follows: 


Differential detector-centering measured in terms of 
cathode-ray-oscillograph deflection was constant within 
0.75 millimetre throughout the period. Variations of 
this order might lead to errors up to 1 degree on a weak 
signal giving half-scale deflection, but as the centering 
may be corrected at the remote indicator their effects may 
be discounted. 

Differential detector-phasing was constant within +1 
degree throughout the period. The apparent variations 
observed were no greater than the limits. of experimental 
error in adjustment, and were clearly so small as to have a 
completely negligible effect on the quadrantal balance. 

Hourly variations of overall quadrantal error are plotted 
on the graph of Fig. 20 for the three routine test frequencies 
100, 122 and 150 megacycles per second. Large variations 
of alternating-current line voltage are known to affect 
the quadrantal error, but there is no apparent correlation 


8 British Patent No. 590261. 
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in the case of the small variations recorded during the 
test, also plotted on Fig. 20. The differences between the 
mean quadrantal errors are due to the fact that the balance 
adjustment was left untouched throughout the period. 
The limits of variation for the three frequencies were 
approximately 2-0.5 degree about the mean values, ig- 
noring the observations of the first two hours. 


The variation of quadrantal balance with time 
is almost entirely due to small changes of un- 
certain nature associated with the modulator 
units and central antenna amplifier, and further 
tests were made to determine the time taken by 
these elements to reach steady operating condi- 
tions. Three pairs of modulators were tested, 
including the pair used in the 32-hour test. All 
modulators were tested in association with each 
pair of directional antennas (6 tests in all), and 
quadrantal error was measured at intervals of 
5 minutes until quasi-stability was reached. 
It was found that by a coincidence the combina- 
tion and arrangement used for the 32-hour test 
gave by far the worst results, requiring 60 
minutes to reach a quadrantal error within 1 
degree of the final mean error. In the other five 
tests the corresponding times were 10 minutes 
or less. 


5.2 DIRECTION-FINDER ТүрЕ P.V.1—B 


This represents a current development of the 
FV5 direction-finder and goes further toward 
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Fig. 20—Quadrantal balance stability of FV5 direction-finder in continuous opera- 
tion. Operating frequencies in megacycles per second: triangles—150, circles— 122, and 


dots—100. 
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meeting the general requirements already stated. 
The direction-finder antenna system can be ar- 
ranged to cover one of the bands 100-118, 118- 
132 or 132-156 megacycles per second without 
re-tuning the output circuit. It feeds two re- 
ceivers tuned to different frequencies, one of 
which may be reserved for distress calls. The 
receivers have separate speech-channels in con- 
tinuous operation, and when a signal is received 
on either channel, separate visual-warnings are 
given by neon lamps both in the direction-finder 
station and at the remote indicators. Under 
standby conditions, direction-finder signals from 
both channels are passed to the common indi- 
cator-circuit. If signals are received on both 
frequencies simultaneously the operator can 
switch the bearing indicator to one channel or 
the other. Up to three remote indicators can be 
used, and the system can be controlled either 
at the direction-finder station or from any of the 
remote indicators. Obstruction warning lamps 
can be mounted on the sides of the antenna box 
when the direction-finder station is located close 
to an airport. 

Remote indication is obtained by the trans- 
mission of direct-current deflecting potentials 
from the differential detectors, using a cathode- 
follower circuit and a radial-sweep generator at 
the remote control-point. Leakage resistances as 
low as 30,000 ohms 
have no effect on the ac- 
curacy of bearings, and 
automatic audible warn- 
ing is given of any leak- 
age capable of affecting 
the accuracy. High- 
speed indication (Sec- 
tion 4.2.2) is possible 
over 20 miles of a special 
dry paper-insulated 
cable which also carries 
the speech and remote- 
control circuits. 


5.3 FUTURE DEVELOP- 
MENTS 


These are expected to 
include full remote- 
control and indica- 
tion together with 
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simultaneous multi-channel operation. Trans- 
mission of bearing information over a single cir- 
cuit is considered essential, both for accuracy 
and for economy, so retaining the basic feature 
of the system. The problem has been solved in 
principle, but discussion of the subject is be- 
yond the scope of the present paper. 


6. Special Applications оў the System — 


It is proposed to use a direction-finder similar 
to the P.V.1—B in a projected navigational 
system described in a companion рарег,“ in 
which the position of an aircraft is determined in 
polar co-ordinates relative to a single base- 
station, the radial co-ordinate being determined 
by a co-operative phase-comparison method using 
continuous waves. In 
another application the 
P.V.1—A direction- 
finder is being used as 
a means of identifying 
the indications given 
by a primary radar 
system with plan-posi- 
tion display. It is only 
necessary here to give 
a brief account of the 
latter application. 


6.1 TRACE IDENTIFICA- 
TION IN THE AIR- 
FIELD CONTROL 
RADAR, BRITISH 
AIR MINISTRY Mk. 
IIIx 


The A.C.R. Мк. 
IIIx is a primary radar 
system giving plan-po- 
sition indications and 
is used in the control 
of aircraft within a 
radius of about 20 miles 
from an airport. Dis- 

“R, Е, Cleaver, “Note on 
a Short-Range Radio Posi- 
tion-Finding System Using 
Modulated Continuous 
Waves,” Journal of the In- 
stitution of Electrical Engi- 
neers, v. 94, Part IIIA, p. 
984; 1947: and Electrical 


Communication, v. 25, pp. 
363-372; December, 1948. 
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play units are installed in the control tower, and 
for effective operation it is essential to be able to 
associate the radar traffic pattern with specific 
aircraft. The addition of direction-finder indica- 
tions to the radar display has proved the simplest 
available method, and although it must occa- 
sionally fail when two aircraft appear temporarily 
on the same line of bearing, a high percentage of 
identifications is immediately successful. 

The P.V.1—A direction-finder station equip- 
ment is installed in a small hut about 100 yards 
from the radar antenna-system,.at a point close 
to the centre of the airfield. The radar and 
direction-finder indications are obtained on 
separate oscillograph tubes and combined opti- 
cally in a special display-unit (Air Ministry 
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Fig. 21—Optical system of display unit DU74. D, direction-finder oscillograph. R, 
Radar oscillograph. Lı, Correcting lens. Е, Blue colour filter. М,, Polished steel reflector. 
І, Magnifying lens. М, Plate-glass reflector incorporating yellow colour filter. Op, 
direction-finder trace. Ip, Intermediate image of Op, curvature corrected. I5, Final 
image of Op. Og, Radar image. (Ір is normally adjusted to coincide with Og.) 
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Type DU74). While any system 
of separate tubes has obvious 
disadvantages compared with 
one employing a common oscil- 
lograph on a time-sharing 
basis, there are notable com- 
pensating advantages which 
are apt to be overlooked. First, 
the use of separate oscillo- 
graphs makes it possible to dis- 
play the direction-finder bear- 
ings on a screen of short per- 
sistence, thus avoiding the 
confusing afterglow effects 
which would otherwise occur 
during brisk direction-finder 
activity. Further, the direction- 
finder tube can have a screen ` 
fluorescence of low intensity 
and contrasting colour, giving 
clearly distinguishable bearing 
indications without obliterat- 
ing weak radar signals. Finally, 
complete electrical separation 
of the direction-finder and 
radar circuits simplifies main- 
tenance and reduces the risk 
of simultaneous failure of both 
parts of the system. 

The principle of the optical 
system used in the display unit 
is illustrated in Fig. 21, while 
Fig. 22 shows the corresponding 
side view of the display unit 
with covers removed. | 

Referring to Fig. 21, Rfand 
D represent in cross-section the 
radar and direction-finder 
tubes, R having a long-persistence screen with 
yellowish phosphorescence, and D a screen giving 
blue fluorescence of short persistence. М; is a me- 
tallic reflector and M? is an unsilvered plate-glass 
partial reflector incorporating a yellow colour- 
filter. The radar screen is observed directly 
through Me, which largely suppresses the fluo- 
rescence or "flash," and the direction-finder indi- 
cation is viewed by double reflection at M; and 
М». Back-surface reflection of the direction- 
finder trace at M; is eliminated by the combined 
action of the yellow filter in М» and a comple- 
mentary blue filter, F, in front of the direc- 


Fig. 22—Display unit DU74 with side cover removed. (See optical diagram, 
Fig. 21.) (1) Cathode-ray tube, plan-position indicator. (2) Cathode-ray tube, 
direction-finder. (3) Optical unit. 


tion-finder tube. The magnifying lens La makes 
it possible to use a relatively small (7-inch) 
direction-finder tube and to mount it further 
forward than would otherwise- be possible. 
The bi-concave contact lens Lı corrects the 
apparent curvature of the image of the screen 
of the direction-finder tube, and virtually 
eliminates parallax over the whole of the 
field of view. All mechanical adjustments 
necessary to bring the two screens into the 
correct relative position and orientation are 
provided on the mountings of the direction- 
finder tube. 
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7. Conclusion 


Practical direction-finders have been de- 
veloped utilizing the principle of amplifying the 
signals from fixed, orthogonal antenna struc- 
tures in a common channel. Instruments for use 
in the very-high-frequency band 100 to 150 
megacycles per second have been manufactured 
on a production basis, with a probable instru- 
mental error less than 1.5 degrees (after cor- 
rection for octantal error). They give useful 
bearing indications for signals having field 
strengths down to 7 microvolts per metre at the 
frequency of minimum sensitivity. Advantages 
of the system include accuracy which is not 
critically dependent on the length of the single 
transmission line from the antenna system to the 
receiver, simple and stable circuit adjustments, a 
non-ambiguous bearing display whose time- 
constant can be adjusted within wide limits, and 
suitability for unattended operation with the 
possibility of remote indication and control over 
distances up to at least 20 miles. 

‘The objectives of future development include 
remote indication and control over trunk tele- 
phone lines, multi-channel operation from a 
single antenna-system, and improvement in 


instrumental accuracy, possibly by the use of 
wide-aperture antenna-systems. 
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Note on a Short-Range Radio Position-Finding System Using 
Modulated Continuous Waves* 


By R. F. CLEAVER 
Standard Telephones and Cables, Limited, London, England 


HE PAPER describes a position-finding 
system by which the polar co-ordinates 
of any suitably equipped aircraft can 

be determined at a single base station using 
phase-comparison range-finding apparatus and 
a very-high-frequency automatic direction-finder 
in conjunction with conventional communication 
equipment.! 

An experimental model is described in which 
azimuth and range are displayed on a single 
cathode-ray oscillograph, which may be installed 
in an airport control tower. Range is indicated 
without ambiguity up to 100 nautical miles, and 
there is no azimuthal ambiguity. So far, the 
model has been used primarily to demonstrate 
the principles of the system, in conjunction with 
an aircraft fitted with experimentally modified 
British Air Ministry very-high-frequency com- 
munication equipment. The results of a limited 
number of tests suggest that with airborne equip- 
ment specifically designed for use with the system, 
the probable error in range measurement should 
be less than 1 mile. Azimuthal accuracy is not 
here discussed, but in a companion paper: it is 
shown that the probable instrumental error of 
the direction-finder is less than 1.5 degrees, 
implying a probable lateral error less than 2.5 
miles at the maximum non-ambiguous range of 
100 nautical miles. 


1. Introduction 


Radio position-finding systems for aircraft 
fall into three classes characterized by their 
dependence on the measurement of two azi- 
muths, of a range and an azimuth, or of two 


* Reprinted with minor additions from Journal of the 
Institution of Electrical Engineers, у. 94, Part IIIA, п. 16, 
pp. 984-989; 1947. | 

1The system has become known under the synthetic 
name “Condar” derived by abbreviation from ‘“‘continuous- 
wave direction- and range-finder. 


ranges. The present paper is concerned with a 
new system of the second class in which the 
position of the aircraft is measured at a ground- 
based station. Continuous-wave transmissions 
are used in the measurement of both range and 
azimuth, and the system is cooperative in the 
sense that a signal transmitted from the ground 
is repeated back from the aircraft. In these basic 
respects the system resembles the earlier German 
“Y”? system (British nomenclature: "Benito", 
though it differs radically in circuit technique 
and in the manner in which the positional in- 
formation is presented. : 

In the new system, an automatic direction- 
finder of a type described in a companion paper ? 
is used to indicate the bearing of the co-operating 
aircraft by means of a radial unidirectional trace 
on the screen of a cathode-ray oscillograph. 
The manner in which the radial trace is generated 
makes it particularly suitable as a time base for 
the measurement of range, and it is to this fact 
that the present system owes its origin. 

So far, work on the system has been explora- 
tory. An experimental model has been con- 
structed for usc cither as a short-range naviga- 
tional aid, or to facilitate the control of aircraft 
movements in the outer approaches to an air- 
port, indication being given directly in the con- 
trol tower. The position of any one co-operating 
aircraft can be established in a few seconds in the 
absence of significant interference, which, if 
present, is apparent to the operator.? The experi- 
mental model operates on continuous-wave or 
telephony-modulated signals transmitted in the 
very-high-frequency band 100-150 megacycles 
per second, these signals being used also to 

? В. F. Cleaver, “The Development of Single-Receiver 
Automatic Adcock Direction-Finders for Use in the Fre- 
quency Band 100-150 Megacycles per Second." Journal 
of the Institution of Electrical Engineers, v. 94, Part IIIA, 
n. 15, pp. 783-795; 1947: also Electrical. Communication, 
v. 25, 337—362; December, 1948. 


3 The effects of interference in the direction-finder used 
are discussed in the companion paper previously cited. 
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identify the co-operating stations by the normal 
communication procedure. A demonstration of 
the experimental model was given for delegates 
to the Provisional International Civil Aviation 
Organization at the Royal Aircraft Establish- 
ment, Farnborough, England, in September, 
1946. 

In the experimental form of the system de- 
scribed in the paper, both direction and range 
are measured by means of signals which can be 
transmitted and received by normal communica- 
tion equipment with comparatively small modi- 
fications, so that a minimum of additional equip- 
ment is required in the aircraft. The service 
offered is equivalent to that obtainable from a 
group of direction-finding stations arranged for 
triangulation and providing automatic indica- 
tions on a common cathode-ray oscillograph at a 
central plotting station. In cases where such an 
arrangement would be a practicable alternative, 
the new system offers considerable economies in 
staff, equipment, lines and buildings. Moreover, 
since the ground equipment can be concentrated 
in a very small area if necessary, the system has 
the further advantage that it can operate in areas 
where the triangulation method would be un- 
economic or inapplicable, e.g., at key points on 
long air routes over undeveloped or desert 
country, or in the neighbourhood of island bases 
on transoceanic routes respectively. 

These advantages are obtained at the expense 


of (а) modifications to the aircraft very-high- - 


frequency communication equipment, involving 
an increase in weight which might be as little as 
2 pounds in a favourable case, but which might 
be as much as 12 pounds, and (b) the use of 
separate frequencies for air-to-ground and 
ground-to-air communication. The necessity for 
two frequencies is not an unmitigated disad- 
vantage, since it improves the efficiency of com- 
munication considerably, апі is sometimes 
favoured on this score alone. Further, in those 
areas where position-finding by triangulation is 
impracticable, it is unlikely that the allocation 
of a second frequency would present any difficul- 
ties. 


2. Principle 


An aircraft receives from the ground station a 
carrier wave of frequency fı modulated at а fre- 


quency fr, and simultaneously transmits a 
second wave, frequency f», carrying modulation 
of the same frequency and phase, derived from 
the received signal. The polar co-ordinates of the 
aircraft position are determined at the ground 
station by an automatic direction-finder tuned 
to the aircraft transmitting frequency f», and by 
a range-finder which operates by measuring the 
phase difference ф between the modulations оп 
the signals transmitted from, and received at, the 
ground station. The distance d is indicated 
directly, and is related to the phase difference 
in degrees by the equation 


_Ф6_ (1) 


where the same units of length are used for d 
and for с, the velocity of light. 

The direction-finder gives the bearing indica- 
tion on the cathode-ray-oscillograph screen in 
the form of a radial trace generated by exponen- 
tial outwardly directed sweeps of the electron 
beam, synchronized with the modulation so as to 
provide a time base on which the position of the 
aircraft may be displayed and its range measured. 
The measurement is made with reference to an 
electronic scale marked on the time base, or by 
means of an electronic "cursor" controlled by a 
calibrated phase-shifter. These methods were 
adopted because the physical length of the time 
base depends to some extent on the received 
signal strength. 


2.1 CHOICE OF CARRIER FREQUENCIES 


The association of exploratory work on the 
system with direction-finder developments in the 
frequency band 100-150 megacycles per second 
resulted in the use of frequencies in this band for 
both fı and f». In fact, however, the only the- 
oretical limitation in the choice of frequencies is 
that, within the working range of the direction- 
finder, both the signals should travel by paths 


.not differing appreciably in length from the 


distance between the aircraft and the ground 
station. This admits considerable freedom of 
choice in respect of the ground-to-air frequency 
Л, even though availability of direction-finder 
equipment at present restricts the choice of f; 
to frequencies in the particular very-high-fre- 
quency band mentioned. 
X 
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2.2 CHOICE or Моро- 
LATION FREQUENCY 


This is essentially a 
compromise between 
the conflicting require- 
ments of high accuracy 
on the one hand and 
freedom from ambi- 
guity on the other. If 
instability of circuit 
phase-shift and limita- 
tions in the measuring 
technique result in a 
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the accuracy required 
is specified by a prob- 
able error àd, the modu- 
lation frequency is 
given by 
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=a 0) 
Since 6d/6¢, and hence fr, are fixed by the 
accuracy specified, the first ambiguity is en- 
countered at a distance D, where 


Der c (3) 


In the present system, it should be possible to 
maintain ô at 4 degrees or less,* and from (3) 
the corresponding probable error in range meas- 
urement should not exceed about 1 per cent of 
the maximum non-ambiguous range. If the latter 
were arranged to exceed the greatest very-high- 
frequency communication range currently at- 
tainable, the accuracy would be insufficient at 
the more usual operating distances. By way of 
compromise, the modulation frequency has been 
chosen to give no ambiguity up to 100 nautical 
miles, a conservative figure for the maximum 
range of the direction-finder for an aircraft at an 
altitude of 10,000 feet. When there is a possibility 
that the co-operating aircraft may be in com- 


4This assumes that the strength of the carrier wave 
received from the aircraft is great enough to ensure some- 
thing like full-scale deflection on the oscillograph. This 
assumption is justified for all ranges and altitudes at which 
the aircraft could be identified by the speech: modulation 
on carrier waves received from it, 
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Fig. 1—Siting and interconnection of 
ground equipment. 


munication at a distance exceeding 100 nautical 
miles, it will generally be possible to resolve 
ambiguity by consideration of received signal 
strength, the height and estimated position of 
the aircraft, and other relevant factors. 

The modulation frequency corresponding to a 
phase shift of 360 degrees at a range of 100 
nautical miles is 808.9 cycles per second (taking 
¢=2.9978 X10" centimetres per second) and for 
practical purposes this is rounded off to 809 
cycles per second. The range accuracy obtainable 
with a phase shift of 3.6 degrees per nautical 
mile should be adequate over most of the normal 
service area of the direction-finder, and generally 
consistent with the lateral accuracy attainable. 

For the measurement of very short ranges, 
considerably greater accuracy would be  ap- 
propriate, and would require the use of a second, 
higher modulation frequency, a lower frequency 
being retained for the resolution of ambiguity. 
In the German "Y" system (Siemens model) 
frequencies of 300 cycles per second and 3000 
cycles per second were used in this way, 

5 In the later “Graetz,” "Rechlin" or '""Becker-Gestell"' 


system, a frequency shift (3000—3300 cycles per second) 
was used, with equivalent result. 
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corresponding to phase shifts of 1.34 and 13.4 
degrees per nautical mile, respectively. The lower 
frequency resolved ambiguity up to 270 nautical 
miles (500 kilometres), and it is claimed that an 
operational accuracy “within 0.5 mile" was 
obtained. 


3. Siting and Interconnection of Ground 
Equipment 


A convenient arrangement of ground equip- 
ment is illustrated in Fig. 1. The operating 
position may be in the control tower of an air- 
port, the equipment here consisting essentially 
of a direction-finder remote indicator, a source 
of modulating tone for range determination, and 
circuits for range calibration and remote control 
of the direction-finder and transmitter. 

The transmitting and direction-finder stations 
are located on adjacent sites which may be up to 
several miles from the control 
tower. In general, the spacing 
between the former will be 
several hundred yards, the 
minimum distance being set 
by considerations of direction- 
finder site error. Any spacing 
whatever renders the position 
determination subject to what 
may be termed a "parallax" 
error, of which the law of varia- 
tion depends upon the point 
selected as the origin of co- 
ordinates, and of which the 
magnitude increases with the 
spacing. Errors in range meas- 
urement are minimized by tak- 
ing the origin at the mid-point 
of the line joining the direction- 
finder and transmitting anten- 
nas, while azimuthal errors are 
clearly a minimum if the direc- 
tion-finder antenna system is 
taken as the origin. In both 
cases the maximum parallax 
error is equal to half the spac- 
ing between the direction-finder 
and transmitting antennas, and 
should preferably be small com- 
pared with the probable instru- 
mental error of the system. In 
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the particular form of the system described in 
the paper, the spacing could be as much as 0.5 
mile without introducing significant error. 
Land-line connections convey the modulating 
tone from the control tower to the transmitting 
station, and the output at modulation frequency 
from the direction-finder receiver back to the 
tower, for phase comparison. Phase shifts in these 
lines, and in the ground equipment circuits, are 
compensated at the operating position by a pre- 
set adjustment which can be checked at any time 
in a few seconds. Bearing information is trans- 
mitted to the remote indicator in the form of four 
steady potentials, over a separate 4-wire line, 
and the quadrantal balance of the direction- 
finder may be checked and corrected by the use 


‘of a signal generated at the direction-finder site 


and controlled from the tower. In addition to 
the lines mentioned, conventional circuits are 


Fig. 2—Mobile direction-finder station. 
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provided for- remote 
control of the trans- 
mitter and direction- 
finder. 

As an alternative to 
the arrangement de- 
scribed above, it might 
be advantageous in 
some Cases to use a 
separate ground re- 
ceiver for range deter- 
mination. For maxi- 
mum accuracy in posi- 
tion finding, the di- 
rection-finder station 
would then be located 
midway between the 
transmitting and re- 
ceiving antennas. 


4. An Experimental 
Model 


The model of the 
system used for the 
Provisional Interna- 
tional Civil Aviation 
Organization demon- 
'strations employed a 
single modulation fre- 
quency of 809 cycles 
per second. With the 
exception of the ex- 
perimental control- 
tower apparatus, it was 
assembled from the 
most readily available 


current Service equipment, modified when neces- 


sary, and, in the case of the air-borne very-high- 
frequency communication set, not particularly 
suitable for the purpose. 

The whole of the ground equipment was in- 
stalled on an, open site close to the aerodrome 
boundary. The transmitter, Air'Ministry type 
T.1131, and the direction-finder, Admiralty 
D/F Outfit FV5, were housed in motor vehicles 
placed about 250 yards apart. The direction- 
finder vehicle is shown in the photograph, Fig. 
2, with the antenna system mounted on a wooden 
tower at a height of about 22 feet. The trans- 
mitter was provided with a vertical quarter-wave 
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Fig. 3—Experimental control-tower equipment. Aircraft communication equipment 
TR-1143A on test bench in background. 


aerial with horizontal counterpoise, at a height 
of 25 feet. The control tower equipment, illus- 
trated in the foreground of Fig. 3, was installed 
in a trailer about 80 yards from the direction- 
finder vehicle. The interconnection was as de- 
scribed in the previous section. 

For demonstration purposes, an Ávro Anson 
aircraft was fitted with an Air Ministry very- 
high-frequency communication equipment, type 
TR.1143A, experimentally modified as described 
in Section 4.3. 'This equipment can be seen in the 
background of Fig. 3, set up on a test bench for 
lining-up. 

"lig. 4 shows the complete circuit in block 
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Fig. 4—Block schematic circuit diagram. 


schematic form, only the experimental sections 
being indicated in any detail. 


4.1 SIGNAL CIRCUIT 


The modulating tone at 809 cycles per second 
originates in the control tower, where the equip- 
ment includes a master oscillator running at 
8090 cycles per second, driving a pulse generator 
(1) followed by a 10:1 frequency divider (2) and 
filter (3) whose sinusoidal output at 809 cycles 
per second is sent over a land-line to the trans- 
mitter (4) to modulate a carrier wave of fre- 
quency fı. This is received in the aircraft (5), and 
the 809-cycle-per-second component from the 
receiver second detector passes through a phase- 
correcting circuit (6) to the transmitter (7), to 
modulate the radiated signal, frequency ўз. This 
is picked up by the direction-finder antennas, 
amplified (8) and applied to the direction- 
finder equipment (9). Output from the latter 
includes a component at 809 cycles per second 
whose phase relative to the modulation on the 
signal radiated from the ground is a measure of 
the range, and four steady deflecting potentials 
whose relative magnitudes are determined by 
the direction of arrival of the signal. The 809- 
cycle-per-second and direct-current components 
of the signal are conveyed over suitable land- 


lines to the control tower, together with speech 
output from the receiver. In the control tower 
the steady potentials are converted into ex- 
ponential saw-tooth form at a frequency of 809 
cycles per second in the radial-sweep gen- 
erator (10), and are then applied to the deflector 
plates of the cathode-ray-oscillograph bearing 
and range indicator (11) to produce a radial trace 
on the screen. The component at 809 cycles per 
second passes through the phase-correcting net- 
work (12) to a pulse generator (13) whose output 
is applied to the grid of the cathode-ray oscillo- 
graph (11), producing a bright spot on the radial 
trace at a distance from the centre depending on 
the range of the aircraft. The outward radial 
sweep is synchronized with the modulation on 
the ground transmitter by an auxiliary con- 
nection from the 10:1 frequency divider (2) to 
the sweep generator (10). 

The duration of the sweep can be adjusted to 
be just over one-half of a cycle of modulation at 
809 cycles per second, so that ranges up to 50 ` 
nautical miles (180 degrees of phase shift) can be 
displayed. By reversing the phase of the modula- 
tion on the ground transmission, the apparent 
phase shift is reduced by 180 degrees so that 
ranges from 50 to 100 nautical miles can be 
measured on the same time base. This arrange- 
ment effectively doubles the length of the ex- 
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ponential range scale, which for the normal full- 
scale deflection averages 1.8 millimetres per 
nautical mile, and has a maximum value of about 
2.5 millimetres per nautical mile at the central 
origin of the time base. 

The positional accuracy of the system depends 
upon two pre-set adjustments which are made 
in the control tower, and may be checked in a 
few seconds at any time. These adjustments, 
described in Sections 4.1.1 and 4.1.2, affect 
range and azimuthal accuracy respectively. 


4.1.1 Zero Range Adjustment 


Unavoidable phase shifts in the ground trans- 
mitting and receiving circuits (е and @, Fig. 4) 
are corrected in the network (12). The adjust- 
ment is made with the direction-finder receiver 
temporarily retuned to the ground transmitting 
frequency fı by means of a frequency changer 
formed by amplifier (8) in association with the 
beat oscillator (14) which may be switched on 
from the control tower. The range indication is 
adjusted to one-half of the distance between the 
ground transmitter and the direction-finder 
station. 


4.1.2 Quadrantal Balance Adjustment 


The quadrantal balance of the direction-finder 
may be checked and adjusted if necessary, using 
a test signal on a mid-quadrant bearing, provided 
by an oscillator under the control of the operator. 
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Fig. 5—Range and azimuth display, with electronic scale 
of 50 nautical miles. Aircraft at 36 nautical miles. 
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4.2 RANGE CALIBRATION CIRCUIT 


On the experimental model, two methods of 
measuring range on the radial time base are 
provided. In the first, positive pulses from the 
generator (1) are applied to the grid of the 
cathode-ray oscillograph and produce bright 
spots on the radial time base, constituting an 
electronic scale with intervals of ten nautical 
miles. The range of an aircraft can then be ob- 
tained rapidly by interpolation with sufficient 
accuracy for many puposes. The second method 
of measuring the range is by means of an “‘elec- 
tronic cursor." An output from the 809-cycle- 
per-second filter (3) is passed by way of a cali- 
brated phase shifter (15) to a pulse generator (16) 
whose output is applied to the grid of the cathode- 
ray oscillograph. The corresponding bright spot 
on the radial trace constitutes the "cursor," and 
is brought into coincidence with the aircraft 
indication by the phase shifter (15), whose 
calibration (in miles) then indicates the range. 
A zero adjustment not shown in Fig. 4 is used 
for initial alignment of the phase shifter against 
the electronic scale previously described. The 
phase shifter is continuously adjustable from 
0 to 360 degrees with uniform calibration, and is 
similar in principle (see Section 7) to the angu- 
lar calibrator used on the direction-finder. 

The scale and cursor indications are dis- 
tinguished from that due to the aircraft by an 
artifice not shown in Fig. 4. The calibrating 


000° 


N 
AIRCRAFT 


210° 090° 


180° 


Fig. 6—Range and azimuth display, with electronic cursor. 
Aircraft at 36 nautical miles. Cursor at 33 nautical miles. 
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pulses are applied to the cathode-ray oscillo- 
graph control grid during alternate sweeps of 
the radial time base, and the pulse due to the 
aircraft is applied only during the intervening 
sweeps. An angular oscillation, of about 5 
degrees amplitude and at a frequency of about 
200 kilocycles per second, is imposed on the 
radial time base during calibration sweeps only, 
thus converting the scale and cursor spots into 
short arcuate lines. A negative bias applied to 
the cathode-ray oscillograph grid during calibra- 
tion sweeps extinguishes the radial trace except 
at the instants when pulses occur. Figs. 5 and 6 
illustrate the forms of indication obtained with 
the alternative methods of measuring the range. 
In Fig. 6, the cursor trace is shown displaced by 
about 3 miles from the “‘aircraft’’ spot, which is 
at a point corresponding to 36 miles. 


4.3 AIRCRAFT EQUIPMENT 


The TR.1143A aircraft equipment was modi- 
fied for demonstration purposes as follows: 


A. Two quarter-wave antennas were provided to permit 
simultaneous transmission and reception, in place of the 
common antenna and change-over relay arrangement 
normally used. 


В. A small control box was added, containing a key which, 
overriding the normal control box, arranged the circuit for 
simultaneous transmission and reception on two predeter- 
mined frequencies. At the same time, output from the 
receiver was connected to the modulation amplifier of the 
transmitter. 

C. A simple phase-correcting circuit [(6) in Fig. 4] was 
introduced between the receiver and the modulation 
amplifier. 


D. The modulation amplifier was modified by the applica- 
tion of automatic gain control to the first stage, derived 
from the modulator output voltage. 


The modifications involved an additional 
weight of about 2.5 pounds, using components of 
normal size. It may be noted here that in cases 
where the normal very-high-frequency equipment 
is fundamentally unsuitable for simultaneous 
transmission and reception, it would be necessary 
to provide a separate miniature receiver, weigh- 
ing perhaps 10 pounds. 

Modulation-frequency phase shifts in the air- 
craft equipment (y and à in Fig. 4) are corrected 
in the adjustable network (6) interposed. be- 
tween receiver and transmitter. This is pre-set 
during circuit alignment on the ground, by 
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applying to the receiver a signal modulated at 
809 cycles per second from a generator, and 
equalizing the phases of the generator modulat- 
ing voltage and the corresponding voltage ap- 
pearing at the output terminal of the transmitter 
modulator. 


4.4 EXPERIMENTAL RESULTS 


'The Farnborough installation was used almost 
entirely for demonstration to the Provisional 
International Civil Aviation Organization and 
other delegations, under conditions that pre- 
cluded systematic recording of significant ob- 
servations. One of the few recorded tests was 
made to determine the maximum effective range 
of the system with respect to an aircraft at a 
height of 2000 feet and its results may be of 
interest. 

'The aircraft flew on an outward radial track, 
ranges obtained by direct visual observation 
being reported at intervals of 5 statute miles; 
simultaneously, measurements were made by the 
electronic cursor method, and in Fig. 7 the errors 
are shown plotted against reported range. The 
observation at zero (plan) range has been cor- 
rected for the height of the aircraft. Circles in 
Fig. 7 correspond to the errors of mean measured 
ranges, while the thick vertical lines show the 
extent of the "spread" due to fluctuation noise. 
'The maximum effective range for the conditions 
of the test can be seen to be about 35 miles, at 
which distance a “spread” of about +5 miles and 
an error of —1.5 miles were obtained. At a range 
of 40 miles, the signal-to-noise ratio was so low 
that speech was scarcely intelligible in either 
direction, showing that the useful ranges for 


ERROR, STATUTE MILES 


RANGE, STATUTE MILES 


Fig. 7—Range test on an aircraft at a height of 2000 feet. 
Л = 100.8 megacycles, f; = 110 megacycles. 
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speech communication and distance measure- 
ment were about the same. Up to 30 miles, the 
maximum overall error did not exceed 1 mile, 
and the distribution of errors suggests a reading 
accuracy not worse than 0.5 mile. It should be 
noted that the instrumental accuracy depends 
fundamentally on the frequency of the master 
oscillator, nominally 8090 cycles per second, 
which on the experimental equipment was not 
crystal-controlled and was not checked after 
leaving the factory. Observations at the shorter 
ranges suggest that the oscillator may have been 
running some 2 to 3 per cent fast. 

During the demonstrations, the greatest errors 
observed were due to variations in modulation- 
frequency phase shift in the airborne equip- 
ment, which in the course of a flight of several 
hours sometimes amounted to the equivalent of 
2 to 3 miles. It should perhaps be emphasized 
that the circuit of the TR.1143A was standard 
in all essential respects, and no attempt had been 
made to improve it in respect either of magnitude 
or stability of phase shift. Reference to the figures 
given in Table 1 for a particular equipment 


TABLE I 


TR.1143A COMMUNICATION EQUIPMENT 


Measured Phase Shifts at 809 Cycles per 
Second (Phase Reversals Neglected) 


Phase Shift 
Section in Degrees 
Receiver High- and Intermediate- 
Frequency Amplifiers ` — 6 
Receiver Second Detector (Filter Circuit) —42 
Transmitter Modulation Amplifier ir 


Complete Equipment 


* Modulation envelope shift. 


shows that, although the resultant phase shift is 
not very great, there are substantial shifts in 
individual sections of the circuit, a factor which 
militates against stability. 

Subsequent tests showed the phase shift in 
the transformer-coupled modulation amplifier 
to be particularly undesirable, since it was de- 
pendent to a marked degree on the input voltage 
to the motor generator from which the equipment 
drew its power. The average effect was to intro- 
duce error at the rate of about 0.1 mile for each 
1 per cent drop in battery voltage from the value 
used during alignment on the ground. Since in 
flight the equipment was supplied from an auxili- 


ary battery, and was generally in continuous 
operation for two or three hours, the observed 
variations in.phase may well have been largely 
due to supply-voltage changes. In any communi- 
cation equipment specifically designed or modi- 
fied for regular operation with the system it is 
clear that special attention must be paid to 
low-frequency transformer-coupled stages. 


5. Conclusion 


The work described demonstrates the practi- 
cability of a direct-reading ground-based position- 
finding system utilizing continuous-wave very- 
high-frequency communication and direction- 
finder equipment. By the use of the simplest 
form of range-finding circuit with a single modu- 
lation frequency chosen to give no range ambigu- 
ity up to 100 nautical miles, it would be reason- 
able to expect a probable error of one mile or less 
in the radial co-ordinate, assuming the circuit of 
the airborne communication equipment to be 
designed for high stability of phase shift at the 
modulation frequency of 809 cycles per second. 
The probable lateral error in position-finding, 
with the direction-finder used, is not likely to 
exceed 2.5 miles at a range of 100 nautical miles. 
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7. Appendix—Principle of the Linear Phase 
Shifter 


The principle of the calibrated phase shifter 
used in the electronic cursor circuit (Section 4.2) 
is illustrated in Figs. 8(4) and 8(B). In Fig. 
8(A), AB....GH.... represents a 
closed network of n equal uniform resistance 
elements arranged in one plane as a regular 
polygon with centre О. An n-phase generator is 
connected to the junction points of the network 
in progressive phase sequence, as indicated. 
OQP is a uniform resistive radial contact arm, 
grounded at O and capable of rotation about this 
point, making continuous contact with the net- 
work, compared with which its resistance is very 
high. The reference phase for the circuit is that 
at point A, and the angular position of the con- 
tact arm is 0, measured clockwise from ОА. 

Fig. 8(B) shows the relevant part of the vector 
diagram, in which Oa, Og, Oh, represent the 
voltages to ground at A, G and H. If Op is 
drawn to meet gh at р, and if gp/gh - GP/GH, 
then gp represents the voltage between G and 
P, and Op, the vector sum of Og and gf, repre- 
sents the voltage to ground at the point of 
contact P. The phase of the voltage at this point 
is given by aOp and is clearly equal to б, the 
angular position of the contact arm. By inspec- 
tion of the diagrams, it will be seen that both 
the voltage between point P and ground, and 
the effective resistance of the contact arm, vary 
with @ according to the same law, and therefore 
the current through the contact arm is a con- 
stant. If the output voltage e is taken from a 
point Q on the arm, within the inscribed circle 
of the polygonal network, and if OQ/OA =k, it 
is clear that e=kE/@. The calibration of the 


El2ma/n 


E[2(m+l)#/n | 


Fig. 8—Principle of linear phase shifter. (4) Polygonal 
arrangement of 7 resistance elements. (B) Vector diagram. 


phase shifter is therefore uniform, and its output 
voltage is independent of phase angle. 

'The use of two resistive elements in rubbing 
contact is undesirable in a practical realization 
of the principle, and can be avoided very simply. 
In the experimental equipment described in the 
paper, 2 —4 and the network reduces physically 
toa square, with balanced voltages in quadrature 
applied between diagonally opposite points. 


Design of an Ionization Manometer Tube* 


By DAVID L. HOLLWAY 
Standard Telephones and Cables Pty. Limited, Sydney, Australia 


N IONIZATION MANOMETER tube 
of new design is discussed, having a 
high sensitivity substantially independ- 
ent of variations in the electrode potentials. 
The published measurements of efficiency of 
ionization are compared and used to predict the 
sensitivity of the gauge on different gases. 
Curves of a function used in the calculation of 
the sensitivity are applicable to any design, and 
it is shown that secondary emission is an im- 
portant factor in determining the slope of the 
anode characteristic. 
Errors from leakage and photoelectric currents, 
gas take-up and gas heating are considered. 


Just as in 1905, when the production of tan- 
talum lamps required a sensitive vacuum meter, 
the metal-filament lamp became a Pirani Gauge,! 
so later the triode assisted in its own manufac- 
ture by becoming an ionization manometer. 

The step of using the positive ion current 
flowing to the negative grid of an operating 
triode containing gas for the measurement of 
pressure is usually ascribed to Buckley? and 
Hausser, Ganschwindt and Rukop.? Fogel,* how- 
ever, finds that it was described first by Baeyer.’ 
In addition to these originators, Dushman and 
Found? in their 1921 study of the gauge state: 


Some time ago Dr. Hull suggested to the writers that a 
gauge may be based on the measurement of the amount of 
positive ionization produced by the electron stream. After 
some preliminary experiments had been carried out with a 
gauge based on this suggestion, a paper on the same sub- 
ject appeared by O. E. Buckley. 


The gauge rapidly displaced Knudsen's ab- 
solute manometer and the molecular gauge of 
Langmuir in vacuum-tube manufacture, and has 


* Published in abridged form in Proceedings of the Institu- 
Hon of Radio Engineers (Australia), v. 8, pp. 14-19; 
April, 1947, and pp. 4-10; May, 1947. This device is the 
subject of Australian Patent Application 6735, September 
18, 1946. 

1 Numbered references will be found on page 385. 


been used widely up to the present time. It is 
highly sensitive, simple, readily degassed and, 
at vacua better than 1 microbar, the ion current 
varies linearly with pressure. The variation in 
sensitivity between different gases will be dis- 
cussed later. These advantages are attained fully 
only when the gauge tube is suitably designed, 
although most amplifying tubes will operate as 
pressure indicators. 

The brief description in Table 1 does not do 
justice to the designs described in references 4 
and 6. Characteristics other than S, A and С are 
important. 


I. Development 


Early during 1946, it became necessary to de- 
sign a gauge tube to replace the triode type 4101 
(Fig. 1), which previously was used as a manom- 
eter in the manufacture of transmitting valves. 
The electrode system resembles that described 
by Jaycox® (Table 1) and the sensitivity is com- 
paratively high. To 
suit existing equip- 
ment, the same or a 
higher sensitivity was 
required in the new 
design. Also, it was 
hoped to achieve this 
with a much less ex- 
pensive construction. 
At first, several simple 
assemblies were tried. 
These were tested by 
comparison with a 
known manometer by 
sealing all tubes to a 
short large-diameter 
header connected by a 
length of small tube 
to a normal pumping 
system consisting of 
liquid-air trap, mer- 
cury-diffusion and 


Fig. 1—Electrode system of 
the 4101 triode. 
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Fig. 2—Experimental manometer designs. At 125 volts anode potential, the measured sensitivities were: KE6 
with strip electrodes, S=1.7; KE5 with aligned plane grids, inner positive, S=0.35, outer positive, 5=3.7; КЕТ, 
plane triode with grid positive, S=3.0; KG1 with plane grid, plane plate, and central filament, grid positive, S=3.2, 


plate positive, S=1.2. 


backing pumps. After an oven bake of one hour header and_ simultaneous readings were taken on 
and general degassing, gas was released in the two manometer equipments of the electronic 


Fig. 3— Designs having higher sensitivities than those shown in Fig. 2. 


control type. Some of the 
first experimental designs 
are shown with character- 
istics in Fig. 2. These were 
difficult to degas electroni- 
cally and were insensitive. 
Consideration of the 
reasons for their failure 
suggested the single-sided 
design (KF 1, Fig. 3) having 
a curved reflector which 
was more successful 
(S=6.3). Moreover, on 
electron bombardment it 
degassed readily.* 


* [f the area of the electrodes 
is too large, it is difficult to bring 
them to red heat by electron 
bombardment without exceeding 
a safe filament emission because 
gas pressures of around 0.5 mi- 
crobar may limit diode voltage 
drop to 20-40 volts. If the area 
is too small, on bombardment 
the bulb may not be warmed 
sufficiently above its normal 
operating temperature in appli- 
cations where no oven bake is 
possible. 


DESIGN OF AN 


1.1 “Lonc-Pata”’ DESIGN 


KL1, shown іп Fig. 3, represents an entirely 
different construction in which a rectangular 
nickel frame (collector) is surrounded by a 
positive grid. The objective here is to keep the 
electrons, over their whole path through the 
grid, near the velocity at which maximum ioniza- 
tion takes place. For these tubes, with a grid 
0.45 inch wide, S reached 14 and this principle 
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was adopted in all later tubes. While the optimum 
proportions for this design were being sought, 
it was found that under some conditions of 
bombardment, with comparatively high gas 
pressure, local heating produced in the glass 
wall could produce cracks. This trouble is 
caused when the secondary emission coefficient 
of the glass wall exceeds unity; allowing the 
surface to rise to some positive potential. The 


TABLE 1 
PUBLISHED INFORMATION ON IONIZATION-MANOMETER DESIGN 
& E Im Anode Collector 
Described By Construction Design Features MEC d ст Сга 
At Сї 
Buckley? 1916 Three Vee filaments in parallel | Electrodes may be degassed 1.33 — — 
lanes 5 millimetres apart; col- | by conduction. (First pub- 
ector central. lished description of an ion- 
ization gauge.) 
Dushman and Molybdenum cylinder 12 milli- | May be degassed thoroughly 3.9 1.17 Within 2 
Found’ 1921 metres long, 12 millimetres in di- | by high-frequency or elec- (250 volts) per cent of 
ameter (collector), with coaxial | tronic bombardment. Low unity 
3-turn helix of 0.125-millimetre | electrical leakage to collector; 
tungsten, 3.65 millimetres inside | linear; shielded from charge 
diameter (anode). Filament, 5 variations on glass wall. 
turns 0.125-millimetre tungsten, 
2.25 millimetres in diameter; col- 
lector carried on separate press. 
Reynolds? 1931 | As above but cylinder collector | Experimental gauges. 44 1.17 = 
13 millimetres in diameter, 16 (250 volts) 
millimetres long. 
Triode of UV200 construction Experimental gauges. 4,2 1.06 — 
having a flat plate and hairpin (125 volts) 
filament 
Pirani! Telefunken N91A valve as No details 2.4 — — 
f manometer (110 volts) 
Jaycox and Plane triode. Oxide filament, Readily degassed by elec- 7.5 1.7 1.03 
Weinhart® 1931 | grid of 0.010-inch nickel wires; | tronic bombardment; high (125 volts) 
2 collector plates 14 by 2 inches, | collector insulation; shielded; 
1 inch from filament. linear; etc. 
With constructional features to 13 — — 
reduce leakage. (200 volts) 
Maloff and 210-type plane triode; grid — 2.7 — — 
Epstein? 1938 positive. (110 volts) 
Montgomery and | 247 pentode, grid controlled; Simple control of electron 25i 1.17 — 
Montgomery” screen + plate — collector. current, (180 volts) 
1938 
Fogel! 1946 Two parallel plates; 1 collector; | Readily degassed by elec- 3.75 1.13 — 
1 anode 12 inches by $ inch, tronic bombardment or high- | (200 volts) 
spaced 3; inch apart with a cen- | frequency; linear; high col- 
tral Vee filament. Mounted on | lector insulation; designed for 
single press but with vapour mass production. 
shield to prevent leakage. 


* S is measured in microamperes of positive ion current per milliampere of electron current per microbar gas pressure. 
(1 microbar = 1/1333 millimetre of mercury.) The tabulated sensitivities refer to argon or ап. 


+ See first paragraph of Section 2. 


+ Because this sensitivity appeared to be high, a copy of the circuit was set up during the present investigation. For 


the 247 tube tested, S=2.6 to 3.5 referred to argon. 
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Fig. 4—Sealed-off systems for measurement of manom- — 


eter characteristics by the mercury-vapour method. 


reflector shown in KM2 removes this danger. 
Tubes of this general design were quite sensitive 
(S=18) and otherwise had good characteristics. 

A mercury-vapour method of checking the 
sensitivities was used in place of the comparison 
method for most of the tests. Preliminary work 
showed that reliable results could be obtained 
from sealed-off tubes containing mercury if 
double bulbs (Fig. 4) were made up. The second 
bulb contains a nickel flag enclosing a glass- 
sealed mercury pill and also a barium getter. 
After oven bake and normal degassing, the flags 
are fired and the whole tube again. degassed 
before sealing off. On test, the mercury bulb, 
neck and part of the manometer are immersed in 
à thermos of water near zero degrees centigrade. 
After a short bombardment to clear the elec- 
trodes of mercury, the water is stirred and water 
temperature and ion current readings are taken. 
Most of the tests were made at a temperature- 
limited electron current of 200 microamperes 
but with additional readings at 50, 2000 and 
10,000 microamperes to check linearity. The 
temperature is raised in steps by adding hot 
water and stirring. Later on, a single large bulb 
was used for measurements by the same method. 


Because the anode current includes the elec- 
trons released from ions in addition to the fila- 
ment emission, for gas pressures at which the 
ion current is not negligible, it is necessary to 
choose between constant anode current and 
constant filament emission. In all tests, the 
electronic control was set to keep the emission 
constant. For example, the 71-degree Fahrenheit 
reading (Table 2) corresponds to an anode 
current of 210 microamperes. This was consid- 
cred to be the better alternative because the 
ejected electrons have a low velocity over most 
of their path. 

The last column of Table 2 gives the mercury 
sensitivity that must be divided by two for com- 
parison with argon sensitivities quoted earlier. 
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Fig. 5—The efficiency of ionization є of several gases as a 
function of electron energy. See Table 2. 
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2. Prediction of Electrical Characteristics 
by Analysis 
Any ionization manometer has the following 
directly measurable electrical characteristics. 
A. Sensitivity S in microamperes per milliampere micro- 
bar. 
В. Anode characteristic, or variation in S with positive 
electrode voltage. For simplicity this is specified as A, where 
mS at 4-200 volts on anode 
~ Sat +150 volts on anode 


Because this will vary a little between different gases, all 


the number of positive charges freed by ioniza- 
tion per electron centimetre of path. This 
quantity is referred to in the literature as the 
"efficiency of ionization" as distinct from the 
“probability of ionization,” which indicates the 
number of ions, whether singly, doubly or 
multiply charged. 


TABLE 2 
TEST ох KL3 (EXPERIMENTAL DESIGN) 
By MERCURY-VAPOUR METHOD 
Grid Voltage = +125; Collector = — 20. 


calculated ratios refer to mercury vapour. M 
icro- 
С. Negative-collector charateristic. This will be defined жыйра. eae И РИЯ тепла True 
similarly as the ratio C, where ture T? | Current | Pressure | Sensi- | Correction | Sensi- 
.Fahren- | for 200 | in Місго- | tivity Factor tivity 
_ Sat —20 volts. M P m hee 9 | GEA) [S XFactor 
S at —15 volts to Grid 
A design objective should be to reduce these 320) 15 028 ҮТ о. T 
ratios as nearly as possible to unity to allow the Al c 2.25 0.40 28.1 1.031 29.0 
BH : 45 2.80 0.495 28.3 1.027 29.1 
use of unstabilized voltage supplies. Also, when 48.5 330 | 0:601 27.5 1:053 282 
C=1, S will not change if a high resistance is 50.8 3.72 0.683 2. 1.021 27.8 
: : : : 55 4.69 0.840 27.9 1.017 28.4 
inserted in the collector lead to provide a drive 50.5 588 | 1.06 27.8 1:012 281 
of several volts for an electron-tube micro- 62.8 7.02 1.23 28.5 1.010 28.8 
67.6 8.80 1.58 27.9 1.008 28.0 
ammeter. /— | | 69.5 9.68 | 170 | 285 = | 985 
The basic information needed in the calcula- 71 10.40 | 1.84 28.3 — 28.3 
tion of the sensitivity of a particular structure is 
TABLE 3 


EFFICIENCIES OF IONIZATION 


e= Number of Positive Charges Freed per Centimetre of Electron Path Referred to 1 Millimetre Pressure 
at 0 Degrees Centigrade 


——————————————————————————————————————— 


Electron Voltage 
Gas Observer 
50 100 150 200 250 300 
Hg Jones!” 23.5 25.5 24 22:5 20.9 19.1 
Bleakney!8 23.6 24.8 21.8 20.4 18.5 17.1 
Compton and Van Voorhis!® 21.3 23.1 23 22.5 21.8 21 
Smith” 17.9 19.25 18.15 16.9 15.7 14.6 
Nottingham?! 19.0 14.8 — — — — 
A Smith?! 11.68 12.9 11.83 10.53 9.43 8.58 
Bleakney” 11.8 12.9 11.7 10.5 9.2 8.4 
Compton and Van Voohris!® 10.0 12.2 12.3 11.8 11.2 10.5 
CO Tate and Smith? 9.02 10.9 10.25 9.28 8.4 7.65 
Ns . Tate and. Smith’ 7.88 10.25 9.81 9.0 8.26 7.55 
Compton and Van Voohris!? 7.7 11 11.7 11.8 11.5 11 
He Smith?! 0.86 1.24 1.23 1.15 1.06 0.97 
Compton and Van Voohris?? 1.0 1.7 1.9 2 1.9 1.9 
Hs Tate and Smith 3.45 3.4 2.94 2.58 2.28 2.03 
Compton and Van Voohris!? 3.6 4.1 4.1 4.0 3.8 3.5 
Ne Smith? 1.47 2.66 2.99 2.99 2.87 2.31 
Bleakney?: 1.45 2.7 3.0 3.0 2.9 24 
Compton and Van Voohris!® 1.1 2.5 3.3 3.5 3.6 3.8 
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The efficiency of ionization 
є тау be defined as the num- 
ber of charges produced per 
electron centimetre of path in 
the gas specified, referred to 
zero degrees centigrade and 1 
millimetre pressure. Fig. 5 
shows the variation in e as a 
function of electron voltage for 
several gases, while Table 3 
provides siniilar information as 
derived from the literature. 

In the method following, the 
tube to be analysed is split up 
into a number of sections, per- 
pendicular to the electron flow, 
chosen so that the voltage gra- 
dient may be considered con- 
stant over the distance between 
sections. Space-charge distortion of the static 
fields is neglected (all the manometers considered 
use a temperature-limited electron current) and 
the tubes are assumed to be operating in the low- 
pressure linear region where only a small pro- 
portion of the electrons produce ions. 

Consider an electron stream of i, milliamperes 
moving between parallel equipotential planes J, 
centimetres apart along a normal path. 


Let Ei, E;—the potentials of these planes meas- 
ured in volts above the emitting 
filament. 

Gi,2=potential gradient, the planes being 
chosen so that G, 2 may be assumed 
constant. 

бы== n 

2 
1,-—total positive ion current in micro- 
amperes produced over this path. 
$1,» = е fraction of positive charges col- 
lected by the negative measuring 
electrode. 

Si,2=the component of sensitivity con- 
tributed by the element 1,2. 

‘=$1,21,/te when the bulb contains 
mercury vapour at Í microbar pres- 
sure at 20 degrees centigrade. 


volts centimetres-!, 


Now because the electrons and single ions are 
of equal but opposite charge, 


la 
i333 f edl, 
0 


f» 4333" 


Fig. 6—Rubber-table model of a structure similar to KM2 of Fig. 3. The 
filaments appear on the left side and the collector on the right. 


whence 


Succ ("ax (1) 
3с 


The sensitivity S of the structure is then 
S=So1tS1e+Se3+.... 


microamperes milliamperes“! microbars3. (2) 


For numerical calculation, since ¢ is not a simply 
specified function of E, the integrations are 
performed graphically. 


SECTION 

ELECTRODE STRUCTURE 

EET ҮКЕ ES 
FILAMENT 


ANODE VOLTAGE Eg 


о COLLECTOR 
E3 
Е 


Fig. 7—Potential diagram for a plane plate structure. 
The dotted line represents the potential between filament 
strands; the full line indicates the potential in a plane 
containing the filament. 


Evidently, a knowledge of the fields within 
the electrodes is necessary. These can be calcu- 
lated from the dimensions only for simple struc- 
tures, but approximations can be determined by 
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the use of a rubber table model* with the prac- 
tical advantage that results of changes in the 
arrangement of electrodes can be judged after 
some experimentation. A horizontal cross-section 
of KM2 (Fig. 3) is shown in model form in Fig. 6. 
Positive electrodes project downwards into the 
sheet and negative upwards. The grid crosswires 
are turned vertically in the model following the 
practice used in calculating triode characteristics 
by conformal transformation.“ 


2.1 CALCULATION OF S AND A FOR A PLANE 
PLATE STRUCTURE 


The potential diagram and arrangement of 
electrodes is shown in Fig. 7. 


Let Е, = Е, = potential of the anode plate (volts). 
ДЕ» =E, = potential at distance Һ centimetres 
71 " along the electron path to the anode. 


* Fremlin's shows applications of this method in the 
design ‘of amplifying tubes. 


The distance A, is chosen from the rubber 
model, or calculated distribution, so that the 
gradients fE;/l| and E;(1—f)/l, may be as- 
sumed constant. 

From (1), 


1.338.121 f E 2 A f AR 
: | ДЕ» о’ »?(1— f) Es ffs 


(3) 


= $0,111 (о, gy - $12? Quz, Ез). 


This expression, 
Ез 


1 
QU Es, E2) SPEL, | 2 


E: 


appears in all manometer calculations so that it 
is worthwhile to provide reference values in a 
graphical form (Fig. 8). These are calculated 
from the results of Bleakney!? and Jones!’ given 
after Table 4, but referred to room temperature. 
Quz, вз) represents simply the charges per 


TABLE 4 


VALUE oF 0.01 f 


E 
«Е 


ry А : 
eat 0 Degrees Centigrade and 1 Millimetre Pressure 


Voltage E 
Gas Observer 
50 100 150 200 250 300 
Hg Jones!” 7.0 19.1 31.7 43.6 54.2 64.2 
Bleakney!8 6.36 18.8 30.3 40.8 50.4 59.3 
Compton and Van Voohris'® 5.3 16.7 28.3 39.7 50.8 61.4 
Smith? 4.74 14.3 23.6 32.4 40.5 48.1 
A Smith? 2.8 9.1 15.3 20.9 25.8 30.3 
Bleakney® 2.8 9.15 15.3 20.85 25.75 30.15 
Compton and Van Voohris!? 2.0 7.8 13.9 20 25.8 30.2 
CO Tate and Smith? 1.9 7.1 124 17.3 21.7 25.7 
Ns Smith? 1.4 6.2 11.2 15.9 20.2 24.3 
Compton and Van Voohris!? 1.3 6.3 12 17.9 23.7 30.5 
Os Tate and Smith 1.54 6.26 11.4 16.3 20.8 24.9 
Ne Smith?! 0.22 1.31 2.74 4.24 5.7 6.0 
Bleakney?? 0.27 1.34 2.78 4.28 5.8 7.2 
Compton and Van Voohris!? 0.16 1.15 2.56 4.25 6.05 0.9 
He Smith? 0.13 0.68 1.31 1.90 2.46 2.97 
Compton and Van Voohris!?? 0.14 0.85 1.78 2.76 3.74 4,74 
Hs Tate and Smith? 0.80 2.57 4.14 5.52 6.73 7.79 
Compton and Van Voohris!? 0.70 2.66 2.74 6.78 8.75 10.5 
AVERAGE VALUES OF THE INTEGRAL Usep IN ALL CALCULATIONS 
20 Degrees Centigrade, 1 Millimetre of Mercury, from References 12, 17 and 18 
Volts 30 35 40 50 60 70 80 90 100 125 150 200 250 300 
50.1 | 59.4 


ME 1.83 | 2.73 | 3.72 | 5.85 | 812 | 10.5 | 12.8 | 15.3 | 17.6 | 23.5 | 29.2 | 40.0 
0 А 
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Fig. 8—Reference s for 


1 
Bap в, ae iHe Q(f Es, Ex) 


for mercury vapour at 20 degrees centigrade. 


electron moving between fE: and E; over a path 
1 centimetre long. When f=1, the expression 
becomes О = є. It will be noted that Q(o кү) can 
be obtained from the curve f=0 (Fig. 8). The 
fractions of ions collected, фо: and фі, >, are diffi- 
cult to estimate, but in judging their values it 
may be noted that in the pressure range con- 
sidered, before ionization, gas molecules pass 
freely through the structure rebounding from 
plates and bulb walls with few collisions between 
molecules. The average particle energy corre- 
sponds to a fraction of an electron volt. Once 
ionized in the interelectrode space, however, the 
positive particle is subject to an electrostatic 
force in a direction opposite to the positive 
potential gradient. Its final translational energy 
on reaching the collector will be the collector 
potential |£,|+E, where E volts above the 
cathode corresponds to the point at which 
ionization occurred. Because |E,| +E will al- 
ways exceed, say, 20 volts and may average 70 
volts or more, and also because a negligibly small 
proportion of ions recombine except on striking 
the bulb or collector, the thermal motions have 
only a small effect, and the ion path could be 
approximated by ball bearings released from 


rest at different points along the electron paths 
on an inverted rubber table model. The bulb 
walls assume a negative charge under running 
conditions which means that a proportion could 
escape around the collector plate of this. design. 

Fig. 9 compares the measured anode charac- 
teristic with that calculated from (3) for ¢o1 
=¢12=1. The curves suggest that these con- 
stants are near 5. Note the improved agreement 
in slope when the secondary-emission term is 
included. 


2.2 CHARACTERISTICS OF “‘LONG-PATH’’ DESIGN 


Fig. 10 is the potential curve for an experi- 
mental tube resembling KM2 (Fig. 3). Emitted 
electrons leave the filament, pass through the 
sides of the anode, are slowed and returned by the 
reflector. When the filament plane is reached, 
those travelling perpendicularly will pass through 
at low velocity but a proportion deflected to have 
a velocity component parallel to the filament 
plane equivalent to the potential “hump” be- 
tween filament strands, will be reflected and 
possibly make a second transit of the grid space. 
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Fig. 9— Calculated and measured anode characteristics 
of the plane plate structure of Fig. 7. In the calculated 
curves, ¢ is taken as unity, which is its greatest possible 
value. 
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Fig. 10—Potential-distribution curves in a tube of the 
“long-path” design for two different central collectors. 
Structures are similar to KM1 and КМ2. 


DESIGN OF AN IONIZATION MANOMETER TUBE 38 


By a further approximation, now define the 
ratio 0 as 


0—fraction of the electron stream that passes 
through one of the grid planes. The fraction 
(1— 0) is intercepted.* 


Measurements of 6? through both planes of a 
grid similar to that used on KM2 (10.2 turns per 
inch of 0.008-inch wire) gave 0 —0.80. So that if a 
second reflector were placed near the filament 
plane, it would not produce a sufficient gain in 
sensitivity to justify the complication. 


Where / —distance in centimetres between grid 
planes, 
d distance in centimetres to zero poten- 
tial plane, just off the reflector, 
E,-applied anode voltage in volts, 
Es-average potential of electrons passing 
between grid wires in volts. It is as- 
sumed to be equal to the potential 
midway between the wires. 
Е,/Е,2 0.9, usually, in these tubes, 
$59.-—fractions of ion current collected in 
grid and reflector spaces respectively, 


then the expression for the sensitivity is 


E» 
1.335 = Ф(@+# к=к; f «Е 
JE: 


E» 
+0,20 © f dE. (4) 
2,7 0 


Experimental models made with identical con- 
structions but with collectors of decreasing 
diameter of wire show that ¢, remains near unity 
until 0.02-inch diameter wire is reached. Be- 
cause the ionizing space is entirely surrounded 
by a positive electrode, $; may be set — 1. When 
d is not too great, also ¢,=1. 

It is an objective to bring A near unity. From 
an inspection of (4) and Fig. 8, this would seem 
to be merely a matter of choosing the ratio //d 
so that the slopes of the two terms of (4) cancel. 
But, in fact, secondary emission is an important 
factor in determining the slope. 


2.3 SECONDARY-EMISSION CORRECTION 
When electrons (of energy Ea) reach the grid, 
a small proportion is reflected directly (these are 


* 'Thesé electrodes resemble grids in construction (see 
Figs. 3, 6 and 14), but they are always at a positive poten- 
tial (anodes) in this design. 


CALCULATED WITH SECONDARY- 
EMISSION | CORRECTION _ у 


Га ааа Й 
вора 


CALCULATED 


SENSITIVITY FOR MERCURY VAPOUR IN 
MICROAMPERES PER MILLIAMPERE MILLIBAR 


o 50 100 150 200 250 300 350 
ANODE VOLTAGE 


Fig. 11—Calculated and measured anode characteristics 
of a “long-path” design, KM1. Note that inclusion of the 
secondary-emission term improves the agreement be- 
tween the slopes of the characteristics. If the mercury 
results of Smith” are used instead of Jones," the curves 
agree in magnitude. 


neglected) and others are emitted at all energies 
between 0 and E.. A step-by-step procedure is 
used to estimate the secondary-emission correc- 
tion, the distribution of energy relation being 
based on Rudberg’s" curves, which check roughly 
with that given by Harries!? as an average. 


If s —secondary emission coefficient at the anode 
voltage Ea, 
k=a fraction of te the electron current, 
m=a fraction of Ea, 


the chosen energy distribution may be repre- 
sented by the approximation: 


Step 1 2 3 4 
Current k 0.5 0.22 0.19 0.09 
Voltage m 0.1 0.3 0.66 0.93 


ki tko+k3+ka=1 and the secondary coefficient 
s applying to the incident voltage must be in- 
cluded. From 0=0.8, the fraction 0—6* = 0.29 
arrives at the back grid and an almost equal 
current at the front. Consider only the back 
grid. Now, when m <(1— f) secondary electrons 
do not pass the potential minimum, so that the 
first steps add A1S, 45, etc., to the sensitivities 


where 
0.3sk i 2d| р" 
п ал+, ed. E (5) 
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mac "ses. «ЇЕ. (6) 


1.3345 — 


/Д 


(cae RM A 


© 
" 
z 
o 12 
о 
r 
ч 
ac 
o 
V AD 
о 
z 
a 
0.8 pe 
= 
г » 
0.4 Ж E 
hp p p—1 РЕГ 
ИШИН ИЕШЕ ШЕШ ШЕШ ИШЕ 
"— == 
a E A He (19) 
А p Erbe 
о 50 100 150 200 250 300 350 
VOLTAGE E 


Fig. 12—-Probable sensitivity ratios for different gases, 
plotted from Table 5. Source references are indicated in 
parentheses. 


(The 2 is inserted to sum all the oscilla- 


tions.) Electrons ejected by the secondaries are 
neglected. For terms in which m> (1 — f), the k 
component for the fourth step may be inserted 
in the expression, 


1.33AuS=0.3ks 


10 тЁз 24т 
x |a, [ «Е+ 
(1 — f) Es, (mH —1)Es En 


Clearly there are approximations in this, only 
allowable because AS is a small correction term. 
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3. Sensitivity on Different Gases 


The sensitivity .S, defined earlier, varies 
markedly from gas to gas. A group of ratios of 
S for gas 
S for argon 
gauge and one anode voltage. The chief gauge 
characteristics that could cause variation in the 
ratios are the relative lengths of electron path 


strictly speaking apply only to one 
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at high and low energies. For example, if a 
manometer includes only constant gradients 
from the anode voltage to zero and secondary 
emission is neglected, its indications on different 
gases should correspond with the curves plotted 
in Fig. 8. Note also that it will have an anode 
characteristic (on mercury vapour) following 
curve f=0 (Fig. 8), with an additional "rise" 
(3 per cent between 150 and 200 volts, collector 
at —15 volts) contributed by the movement of d, 
the distance to the zero-potential point, out- 
ward towards the reflector, if a reflector is used. 
There is, in fact, a connection between the anode 
characteristic and the gas ratios for usual designs. 
Fig. 12 shows that the mercury/argon ratio rises 
sharply at low voltages. 

From this it may be expected that tubes having 
a greater proportion of low-voltage path than 
the linear type and/or appreciable secondary 
emission, would exhibit both a sharply rising 
anode characteristic. and a high mercury/argon 
ratio. The available evidence supports this al- 
though Dushman and Young” give a higher ratio 
(2.73, 2.75 mercury/argon on a cylindrical struc- 
ture) than can be attributed to this. The con- 
verse argument refers more directly to the pres- 
ent design; that is, a tube having an anode 
characteristic resembling f=0 (Fig. 8) should 
vary in sensitivity between different gases in 
the ratio of the integrals given in Table 4. 

Fig. 12 (from Table 5) shows this ratio as a 
fraction of anode voltage for several gases. Thus, 
when the composition of the gas being measured 
is known, the sensitivity of this design may be 
predicted from its mercury or argon value by 


Fig. 13—An electrode system being degassed by elec- 
tronic bombardment, photographed by its own light. At 
this temperature, gas is released rapidly. 
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reference to Fig. 12. A survey of the literature 
showed that the experimental technique used in 
the measurement of the efficiency of ionization 
was improved considerably by Jones” and later 
workers. The results shown in Table 1 were taken 
from published curves and arranged in an order 
of preference. Because most of the experimental 
errors diminish in the calculation of integral 
ratios, some earlier work is included in Table 5. 


4. Usefulness and Limitations of the Design 


Ionization gauges have been rejected by some 
workers requiring high accuracy because of the 
comparatively high rate of gas takeup found in 
the models used. (See Рігапі.!) There appear to 
be several different mechanisms of takeup, which 


must be considered separately. Apparently, 
they are: 


A. An extremely rapid removal of any gas, found when- 
ever an electrode or the filament reaches a temperature at 
which its metal has significant vapour pressure. For ex- 
ample, it was found that if the present tube were over-run 
on bombardment to 28 watts input, a 3-litre tube contain- 
ing air at 300 microbars was reduced to 0.2 microbar in 30 
minutes. A slight dark deposit of nickel appears on the 
inside of the bulb under these conditions. After metal has 
been distilled over and the tube switched off, takeup con- 
tinues for a time but at (in one test) ith the rate. This 
method of takeup is an advantage rather than a dis- 
advantage for any application, and applies only to bom- 
bardment conditions. 


В. There is a slow takeup during operation which depends 


(probably) on the filament temperature. Takeup of air is 
found when a tungsten filament is run at near 1300 


TABLE 5 


E E 
VALUE OF S ga d E 7А J. €argondE 


Ratio of Positive Ion Current in the Gas Indicated to the Current in Argon at the Same Pressure for 
Manometer Tubes Having Approximately Linear Voltage Gradients from Е to 0, 


H 


Voltage E 
Gas Observer 
50 100 150 200 250 300 

Hg Bleakney!$ 2.23 2.05 2.0 1.95 1.96 1.97 
Compton and Van Voohris!? 2.6 2.13 2.03 1.99 1.97 1.97 
Dushman and Young” РЕ 2.73 — — — = 
Smith” 1.7 1.6 1.54 1.55 1.57 1.58 

A All Observers 1 1 1 1 1 1 

CO Tate and Smith 0.7 0.78 0.81 0.83 0.84 0.85 
Dushman and Found? == 0.81 — — — — 

М» Smith?! 0.52 0.68 0.73 0.76 0.78 0.80 
Compton and Van Voohris!? 0.64 0.80 0.87 0.87 0.92 0.94 
Hughes and Klein” — 0.9 0.95 0.97 0.97 0.98 
Dushman and Found? — 0.88 — — — — 
Dushman and Found% == 0.89 — — — — 

Оз Tate and Smith? 0.56 0.69 0.74 0.78 0.80 0.82 

Ne Smith 0.08 0.14 0.18 0.20 0.22 0.23 
Bleakney” 0.09 0.146 0.18 0.20 0.224 0.24 
Compton and Van Voohris!? 0.08 0.15 0.18 0.21 0.23 0.25 
Hughes and Klein? 0.07 0.14 0.185 0.21 — 0.242 
Dushman and Young” = 0.196 == = е 

Не Smith? 0.045 0.075 0.085 0.091 0.095 0.097 
Compton and Van Voohris!? 0.07 0.11* :0.13 0.14 0.145 0.15 
Hughes and Klein? 0.06 0.09 0.10 0.11 — 0.12 
Dushman and Young” — 0.14 — — — — 

He Smith” 0.29 0.28 0.27 0.264 0.261 0.257 
Compton and Van Voohris!? 0.34 0.34 0.34 0.339 0.339 0.338 
Hughes and Klein” 0.19 0.28 0.30 0.30 — 0.30 
Dushman and Young? = 0.39 um m — E 


Observations from references б and 25 are from experimental measurements on manometers, Strictly speaking, they 
are not comparable and are included only for general comparison. Nonlinearity, secondary emission and the other factors 
discussed earlier may account for the difference, although the argon measurement of reference 25 appears to include most 


of the discrepancy. 


384 


ELECTRICAL COMMUNICATION 


degrees centigrade. An oxide-coated-filament tube showed 
rates of 


17 milliamperes—0.6 cubic centimetres per second 
8.6 milliamperes—-0.3 cubic centimetres per second 
0.4 milliamperes—0.1—0.2 cubic centimetres per second 


(pressure approximately 0.1 microbar) for an almost worn- 
out manometer having a fairly bright filament; a new tube 
would probably be lower. 


C. Blears?’ notes that in the measurement of an organic 
vapour, a 0.7-litre-per-second tubulation gave approxi- 
mately 1/10th the pressure reading of an 83-litre-per- 
second connection. It is thought that the filament tem- 
perature would be important in determining this rate and 
similar tests may be made later with the present oxide 
filament, which runs "black" when the electron current is 
reduced to 200 microamperes. 


5. Gas Heating 


For precise measurements, a small correction 
must be made for gas heating. For tubes run- 
ning at low electron currents, the openness of the 
structure (Fig. 14) suggests that the bulb wall 
temperature may be taken as the gas tempera- 
ture with little error. 


6. Insulation and Photoelectric Currents 


Simplicity of manufacture required that all 
elements should mount from the press. Two 
precautions have been taken to reduce electrical 
leakage: 


A. The collector leads pass through glass sleeves projecting 
internally and externally. 


B. The high potential anode is separated by the (low- 
potential) filament leads from the collector so that a slight 
"guard ring" protection is obtained. 


Insulation resistance measurements made be- 
tween collector and all other electrodes for tubes 
after overrunning on bombardment (darkened 
bulbs) give values of 210!° ohms and for new 
tubes, 5X10" ohms. Photoelectric currents are 
greater than leakage currents in bright daylight, 
and for most precise work the bulb should be 
screened from light and the filament kept cool 
by running at a low electron current. 


7. Sensitivity 


"Long-path" designs similar to KM2 have 
good electrical characteristics. But a drawback 
is the close spacing needed between the collector 
loop inside the grid and the grid sidewires, to 


keep the fraction f above 0.6. This complicates 
the assembly operation and makes the structure 
sensitive to bumps and vibration. 

A satisfactory solution is the replacement of 
the central collector frame by a ''virtual col- 
lector." This consists of a pair of openings cut in 
the back surface of the grid as shown in Fig. 14. 
Ions are accelerated towards these openings 
from almost all points in the grid space. With 
this construction, f may be set at any value by 
the adjustment of the sizes of the grid openings. 
It is then comparatively easy to set f and d 
so that the anode characteristic A is unity. 
Also, the structure has only 3 simple electrodes: 
filament, grid and reflector (collector), with no 
critical spacings. 
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Fig. 14—The electrode system of the simplified design. 
The central frame seen in KM2 of Figs. 3 and 6 has been 
replaced by a pair of openings in the grid.- 


For the dimensions tentatively adopted, tests 
on experimental tubes show 


S (argon) 
—15 microamperes per milliampere microbar 


for voltages between 125 and 200. For other 
gases, the curves shown in Fig. 12 may be used 
to increase or decrease this figure. The value of 
A varies with the type of gas, but for mercury 
or air in the linear range, A is within 3 per cent 
of unity and C is within 1 per cent of unity. 
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8. Linearity at High Gas Pressures 


Tests were made to find the high-pressure 
limit of linear operation on several experimental 
designs. These confirmed Dushman’s tests, 
showing that the high pressure range is extended 
considerably by the use of low anode currents. 
At 200 microamperes electron current, a high 
limit was found for mercury vapour at 1.8 micro- 
bars. At this pressure, when the anode voltage 
was increased above 180, the sensitivity dropped 
suddenly to nearly one half. On reducing the 
anode voltage, the low sensitivity was maintained 
to 120 volts when it rose exactly to its former 
value. The cycle could be repeated accurately 
and was caused by comparatively highly conduc- 
tive paths forming between filament and anode. 
In the linear high-sensitivity region, the glow is 
dull and uniform. 


9. Conclusion 


It is hoped that the gauge may find applica- 
tion in fields of research and manufacture. 
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Long-Distance Telephone Communication Circuits* 


By A. W. MONTGOMERY 
Standard Telephones and Cables, Limited, London, England 


HILST THE  voice-frequency-cir- 
cuit mileage in use compares favor- 
ably with that of the newer carrier 


systems, attention in engineering and instal- 
lation is being focused on multi-channel carrier 
telephony. A brief survey of the characteristics 
and fields of use of carrier telephony on open 
wire, cable, and coaxial conductors is presented. 
By standa«dising on a basic group of 12 channels 
and appropriate frequency bands for all types of 
carrier systems, a considerable amount of inter- 
working flexibility is obtained and manufacturing 
costs are reduced through common use of filters 
and other components. 


1. Voice-Frequency Circuits 


Although the development of carrier circuits 
in recent years has rather stolen the limelight 
and has tended to relegate voice-frequency cir- 
cuits into the background as far as the communi- 
cations engineer is concerned, this is largely a 
technical eclipse, and it must not be forgotten 
that the amount of audio-frequency circuit 
mileage still compares with that provided by 
carrier means, and is therefore of significant im- 
portance to the traffic and financial side of an 
administration or operating company. As tech- 
nical advances are made, the dominant long- 
distance-communication system. of one day is 
replaced in importance by another. But the gen- 
eral growth of telecommunication requirements 
seems to ensure that in well-planned and well- 
equipped networks, the older systems always 
retain some uses, generally in a somewhat differ- 
ent role. 

However, the technical and operating aspects 
of audio-frequency circuits are so well known 
that it is not proposed to deal with them in any 
detail except to say, in passing, that a case for 
audio-frequency cables still exists, particularly 


*From a paper presented before the Associazione Elet- 
пошса Italiana in Rome, Turin, and Milan during July, 
1947, 


on very short routes, and that the presence of the 
metallic conductors for each circuit may enable 
simple and inexpensive signalling facilities to be 
obtained. 


2. Carrier Circuits 
2.1 GENERAL 


Land-line telephone transmission by carrier 
means has so far followed the technique of multi- 
plexing on a frequency basis; that is to say, the 
audio-frequency band has been transposed to 
occupy a position in another part of the fre- 
quency range, and is then retransposed to the 
audio range at the receiving end. Other channels 
are obtained by transposing to adjacent parts of 
the frequency spectrum, permitting several 
channel frequencies to be transmitted over a 
common line and through common amplifiers, 
thus saving line plant. 

Since attenuation increases with frequency, it 
is the aim of the engineer to use the frequency 
range available on the line to the best advantage, 
and this means limitation of the transmitted 
band to that considered adequate and desirable, 
and locating such bands as close to each other as 
possible without causing undue interference be- 
tween channels. Limitation of the bandwidth 
and the segregation of channels is performed by 
filters. 

It is obvious that the best system from both 
technical and economic standpoints must be a 
compromise between many factors. "Thus, 
spacing channels further apart eases the filter 
requirements and therefore the costs, but it also 
means that fewer channels can be transmitted 
within a given frequency range. To increase the 
frequency range, a greater number of amplifiers 
are needed to give a closer spacing of repeaters. 
Similarly, compromises in amplifier output levels 
must be achieved, and a balance struck be- 
tween high outputs with large valves and con- 
sequently expensive power supplies, or smaller 
outputs and valves, but closer repeater spacing. 
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These are just one or two of the factors that 
readily come to mind, but a great deal of thought 
has been given to such problems. To refer to only 
two instances of such studies, I might mention 
Jacobsen’s paper,! which shows that the power- 
handling capacity of an amplifier carrying many 
speech channels can be determined from know- 
ledge of the harmonic levels produced by the 
amplifier when loaded with a sine wave of known 
power. Also of interest is a paper by Hodgson 
and Roche? on the broad subject of the planning 
of systems, either individually or as links in long 
circuits, with special reference to the repeater 
spacing and output power and their influence on 
overall circuit noise. 

Apart from these and other fundamental prob- 
lems, there are details of circuit design with their 
bearing on manufacturing technique that must 
be solved effectively if the most economical 
equipment is to be obtained; for example, the 
number of components required and the space 
occupied can be reduced by combining several 
functions in one circuit. The incorporation of 
channel modulators designed to act as volume 
limiters is one illustration of this point. Another 
is the employment of the channel demodulator 
amplifier input coil to form part of the low-pass 
filter and equaliser, an economy possible in the 
60—108-kilocycle crystal-filter system because the 
unwanted frequencies are well removed from the 
wanted band. | 

Of course, in considering technical products 
the cheapest in first cost is not necessarily the 
most economical in the long run, and perhaps 
nowhere is this more true than in the communi- 
cation field, where ease of maintenance, stability, 
and provision for ordered growth are all of the 
greatest importance. 

To obtain such ordered growth, it is obviously 
advantageous to build in units, and the basic 
unit, which the International Standard Electric 
Corporation uses (and which conforms to the 
recommendations of the Comité Consultatif 
International Téléphonique), is the group of 12 
channels. The number 12 does not in itself have 

1 B. B. Jacobsen, “The Effect of Non-Linear Distortion 
in Multi-Channel Amplifiers," Electrical Communication, 
v. 19, pp. 29-53; July, 1940. 

2K. С. Hodgson and A. Н. Roche, "Design Factors 
Influencing the Economical Size and Spacing of Multi- 


Channel Telephone Repeaters,” Electrical Communication, 
у. 19, pp. 100-107; October, 1940. 


any predominant significance; indeed, 10 might 
find most favour if other factors were equal, but 
taken in conjunction with the frequency spacing 
of the channels and the types of filters used, this 
number is particularly suitable and contributes 
to ease of manufacture and therefore to economy. 


2.2 12-CHANNEL CARRIER-ON-CABLE SYSTEM 


A block schematic of the 12-channel carrier-on- 
cable system is shown in Fig. 1. Since this system 
is widely known, it will not be discussed in detail 
here. 

Very briefly, however, the voice-frequency 
currents pass from the 2-wire line through the 
terminating equipment to the channel modulator, 
after which the lower sideband is selected by the 
band-pass filter. The carrier frequencies sup- 
plied to the 12 modulators range from 64 to 108 
kilocycles in steps of 4 kilocycles, so that when 
the output currents from the 12 filters are united 
in the common transmitting path, they comprise 
a series of nominal 4-kilocycle bands lying be- 
tween 60 and 108 kilocycles. The carrier currents 
themselves are substantially suppressed by the 
filters. This basic group-frequency band is then 
modulated at 120 kilocycles and the lower side- 
band, occupying the range of 12—60 kilocycles, is 
transmitted to the line through the transmitting 
amplifiers. 

The receiving circuit reverses this process, the 
incoming group at 12-60 kilocycles being trans- 
posed to the 60—108-kilocycle range from which 
the individual channel band-pass filters select the 
appropriate bands for the associated channel 
demodulators, voice-frequency amplifiers, and 
terminations. 

It will be noticed that all of the portion at the 
left of the diagram comprises the frequency- 
generating equipment; as this supplies many 
systems, its contribution to the sum total of 
apparatus in a quantity sense is unduly accent- 
uated by such a diagram. This is, of course, the 
heart of the system, and so must be made to be 
completely reliable, even if this involves what 
may at first seem to be quite a heavy cost. How- 
ever, when this cost is divided among the indivi- 
dual channels, it does not represent a high pro- 
portion of the cost per channel. 

When apportioning the amount and cost of the 
different classes of apparatus, it should be noted 
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that a signalling unit and terminating equipment 
are required for each channel. Moreover, the 
terminal equipment proper comprises a modu- 
lator and band-pass filter per channel in the send- 
ing path, and similar equipment, together with a 
small single-valve amplifier, in the receiving 
path for each channel. 

Equipment common to all 12 channels is made 
up of the filter-compensating networks, the 
group modulator, demodulator, filters, receiving 
amplifier, line-transmitting amplifier, and re- 
ceiving equaliser and amplifier. 

It is important to realise that whereas the 
carrier equipment as shown can supply 120 indi- 
vidual channel terminals (or 480 channel ter- 
minals with the addition of 12 carrier amplifiers), 
and that the group and line equipment serves 12 
channel terminals, each individual channel ter- 
minal requires 2 band-pass filters and one signal- 
ling unit as well as certain smaller items. The cost 
of the overall terminal equipment lies primarily, 
therefore, in the channel filters and the signalling 
unit. 

It would be possible to achieve a similar tech- 
nical result without crystal filters by using other 
modulation processes, but experience shows, 
after repeated checks at intervals, that the crys- 
tal-filter method proves more economical in pro- 
duction and use. 

The 12-channel cable system is designed to 
work on a 4-wire basis using one cable for trans- 
mission in one direction and another for trans- 
mission in the opposite direction. This results in 
a very simple repeater comprising an equaliser 
and amplifier in each direction. 

Repeater spacing is normally based on a loss 
of 6 nepers (52 decibels) at 60 kilocycles, which 
means that repeaters will be about 32 kilometers 
(19.9 miles) apart, although some variation may 
be allowed. 


2.3 24-CHANNEL CARRIER-ON-CABLE SYSTEM 


With closer repeater spacing, more accurate 
cable balancing, and suitable line equalisers, 
another group of 12 channels can be operated on 
the same cable pairs, thus doubling the circuit 
capacity. This can be achieved in a simple man- 
ner by adding a basic group at 60-108 kilocycles 
to the nominal 12-channel group at 12-60 kilo- 
cycles. Fig. 2 shows the 24-channel system built 


up from the 12-channel system. High-pass and 
low-pass crystal-filter combinations are used to 
separate and combine the two groups, and addi- 
tional amplifiers are employed to compensate 
for the loss in these filters and to produce the 
required levels at the flexibility points. These 
flexibility points are used for switching channel 
groups and high-frequency lines as required, 
and are termed ‘‘Group-Distribution Frame" 
and ‘“‘High-Frequency-Repeater Distribution 
Frame.” At the group-distribution frame, chan- 
nels are at the basic group frequency of 60—108 
kilocycles. The sending level at this point is 
— 0.92 neper ( — 8 decibels), and the receiving level 
is —4.25 nepers (—37 decibels) with reference 
to the transmitting toll-test-board level. 

At the high-frequency-repeater distribution 
frame, the frequencies lie between 12 and 108 
kilocycles with a normal level of 4-0.575 neper 
(5 decibels) for both sending and receiving. 

The line equalisers and amplifiers are designed 
to cover the range 12-108 kilocycles, and, in fact, 
the 24-channel amplifier is now standard equip- 
ment whether the circuits are to be used for 12- 
or 24-channel operation. The repeater spacing 
for 24-channel systems is about 23-25 kilometers 
(14.3-15.5 miles) for 1-millimeter (18 American 
Wire Gauge) conductors, or 29-32 kilometers 
(18.0-19.9 miles) for 1.3-millimeter (16 Ameri- 
can Wire Gauge) pairs. Where circuit groups and 
distances do not justify the use of coaxial systems, 
and operation of carrier on multi-pair cables is 
economical, the 24-channel system, in the 
author's opinion, represents the most efficient 
and economical method of using the cables. This 
view is confirmed by considered opinion in 
the British Post Office, as expressed by Mr. 
Chamney in his recent paper. 


2.4 36- AND 48-CHANNEL CARRIER-ON-CABLE 
SYSTEMS 


A great deal of study has been given to sys- 
tems employing more than 24 channels, and 36- 
and 48-channel systems and suitable repeaters 
can be supplied, but there are two main points 
that require careful consideration. 

In the first place, they are generally unecono- 
mical when compared with 24-channel systems, 
and certainly when compared with systems using 
coaxial lines. 
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` Secondly, experience shows that extension be- 
yond 24 channels introduces difficult far-end- 
crosstalk problems such that the higher-fre- 
quency channels may be restricted to compara- 
tively short distances and rendered unsuitable 
for long national or international circuits. In 
certain special cases, such systems may possibly 
be justified, and the International Standard 
Electric Corporation has designed and produced 
48-channel equipment for the Dutch Adminis- 
tration. The distances involved in Holland are 
abnormally small, however, and existing repeater 
stations are available at extremely short inter- 
vals. 


2.5 COAXIAL SYSTEM 


It should be noted that all the systems so far 
mentioned are built up from the basic group of 
12 channels, transposed or not, as the require- 
ments of the system demand. 

This principle is followed in the coaxial system, 
in which the basic group of 12 channels is used as 
a unit to build a basic supergroup consisting of 
five such groups, ie., 60 channels. Ten basic 
supergroups are then transposed to adjacent posi- 
tions in the frequency spectrum and transmitted 
over a coaxial tube consisting of a central con- 
ductor positioned by insulating washers inside an 
outer copper cylinder, which serves as the other 
conductor. One such tube is used for transmission 
in one direction and another tube in the same 
cable is used for transmission in the reverse 
direction. | 

Fig. 3 shows the frequency transpositions in- 
volved. Five basic groups in the range of 60-108 
kilocycles are modulated by carriers of 420, 468, 
516, 564 and 612 kilocycles, and the lower side- 
bands are then selected by filters to produce the 
basic supergroup of 60 channels in the range 312— 
552 kilocycles. Nine such basic supergroups are 
modulated by carrier frequencies of 612, 1116, 
1364, up to 2604 and 2852 kilocycles. The lower 
sidebands of these, together with an untrans- 
posed basic supergroup, produce a series of 600 
channel bands for transmission on the line in the 
range 60-2540 kilocycles. The untransposed basic 
supergroup forms supergroup 2 on the line. 


2.5.1 Coaxial Terminal Equipment 


The arrangement of apparatus at terminals, 
excluding the carrier-supply equipment and ter- 


minal repeaters, is shown in Fig. 4. Normal 
channel bay equipment, similar to that required 
for systems described above, is uscd. The group- 
frequency-transposing equipment modulates five 
groups to produce a basic supergroup, and it 
will be noticed that the groups are combined by 
means of a hybrid coil with alternate group- 
frequency band-pass filters connected in parallel. 
'This eases the filter requirements, since imped- 
ance irregularities at the edges of the filters due 
to proximity are avoided, and the effective dis- 
crimination is improved. The individual basic 
supergroups are amplified, modulated, and se- 
lected by filters, and are then combined by means 
of a hybrid coil before passing through a common 
amplifier to the transmitting line-repeater equip- 
ment. A total of 480 channels (8 supergroups) 
are handled in this way, while two more super- 
groups may be added in the manner shown. 

The receiving portion of the terminal circuit is 
similar, except that the process is reversed. The 
extreme economy in amplifiers and valve circuits 
on this system—combined with adequate pro- 
vision for reliability—should be noted. In the 
whole of the sending path there is one single- 
stage amplifier per supergroup, apart from the 
auxiliary transmitting amplifiers of which there 
are but 1 for 8 supergroups or 2 for 10 super- 
groups. In the receiving path, there is a single- 
stage supergroup amplifier, a 2-stage group 
amplifier, and a single-stage channel amplifier. 
Because the supergroup amplifiers are shared 
by 60 channels, the valves are duplicated, so 
that failure of one valve will not cause a large 
number of circuits to fail. The auxiliary trans- 
mitting amplifiers are similar, i.e., single-stage 
but containing two valves. 

Summarising, 600 individual channel terminals 
require 600 single-stage channel amplifiers, 50 
2-stage group amplifiers, 20 single-stage super- 
group amplifiers (with duplicate valves), and 2 
single-stage auxiliary transmitting amplifiers 
(with duplicate valves). 

When the carrier-supply and terminal-repeater 
equipment is also added, the number of valves 
per individual channel terminal at a fully equip- 
ped 10-supergroup terminal, excluding signalling 
equipment, is less than 1.4. This is a considerable 
achievement, and is reflected in ease of mainte- 
nance, low power requirements, and reduced 
annual charges. 
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Fig. 3—Supergroup coaxial frequency allocation 
Note 1—In all stages of modulation, the lowe) 
sideband is used resulting in: 

А. An “inverted” signal after channel modulation. 

B. An “erect” signal after group modulation. 

C. An "inverted? signal after supergroup modula- 
tion, except in the case of supergroup 2 which 
having no supergroup modulation, remain: 
“erect” on the line. 
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_ Fig. 4—Block diagram of terminal equipment, excluding terminal repeaters. The letters in the boxes 
indicate the following: C, Combining panel. BP, Band-pass filter. CN, Compensating network. D, Demodu- 
lator. HP, High-pass filter. LP, Low-pass filter. M, Modulator. P, Resistance pad. 
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Fig. 5—Block diagram of carrier supply. The letters in the boxes indicate the following: AR, Adjusting 
resistance. CO, Change-over (switching) panel. DB, Resistance pad of indicated attenuation in decibels. 
DP, Distributing panel. GP, Group. H, Hybrid coil. HG, Harmonic generator. KC, Band-pass filter of indi- 
cated midband frequency in kilocycles per second. MC, Matching coil. S/GP, Supergroup. 

Note 1—A 120-kilocycle supply is only required for use with a group-modulator bay when the latter is 
nese for extending a coaxial group direct to the first 12 channels of a 24-channel multi-conductor carrier 
system. 

Note 2—When only 7 or fewer supergroups are required, the second group and supergroup carrier supply 
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bay can be omitted. In this case, the 2356-kilocycle filter normally used for supergroup 8 is replaced by a 
2604-kilocycle filter and the 2604-kilocycle pilot feed is taken from the amplifier normally associated with 
supergroup 8 instead of from that normally associated with supergroup 9. 

Note 3—When 10 supergroups are initially equipped, each group-carrier amplifier on bay 1 would feed 
supergroups 1—5 and those on bay 2 would feed supergroups 6-10. The amplifiers, however, have a capacity 
for шы a maximum of 8 supergroups, so that when bay 2 is not equipped, their load can be increased 
accordingly. 

Note 4—The equipment not shown within the dashed line is mounted on the channel carrier supply bay. 
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TERMINAL REPEATER A 


AUXILIARY REPEATER 
POWER FED FROM TERMINAL REPEATER 


Fig. 6—Block diagram of line equipment including terminal main and 
auxiliary repeaters. The symbols in the boxes indicate the following: BSF, 
Band-stop filter. EQ, Line equalizer. LBO, line building-out network. MUE, 
Mop-up equalizer. P, Power unit. PS, Pilot stabilizer. PSF, Power-separating 
filter. [>, Pilot regulator. 

Note 1—Associated with each amplifier is a coaxial jack circuit, shown in 
Sketch A, to enable a spare amplifier to be plugged in without interruption of 
service. 
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Fig. 7—Block diagram of speaker and alarm system. 
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Note 1—The variable arm of the location bridge can be calibrated in actual 


repeater-station code names. 


Note 2—The ratio-arm adjuster is provided to compensate for change in 


line resistance with temperature. 
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Fig. 8—Typical layouts for large (at 
tight) and small (above) terminal stations, 
excluding standby power equipment. On 
each drawing, one of the power cubicles is 
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The carrier-supply circuit is shown in Fig. 5. 
The channel carrier-supply equipment for fre- 
quencies of 60 kilocycles for the pilot and 64-108 
kilocycles for channel modulators is similar to 
that used on 12- and 24-channel systems. In addi- 
tion, provision can be made to obtain 120 kilo- 
cycles for group-modulation purposes when re- 
quired for transposing groups of a coaxial system 
directly to the 12-60-kilocycle range of a 12- or 
24-channel system. 

Since reliability of the whole terminal depends 
on the carrier supplies, vulnerable portions are 
duplicated, either completely, or by using addi- 
tional valves; provision is made for automatic 
changeover from one set to the other in case of 
failure. 

Each carrier-generating set consists of a crys- 
tal-controlled master oscillator with a funda- 
mental frequency of 124 kilocycles. This is 
temperature compensated to give stability within 
+1 part in 10 million, so that synchronisation is 
not necessary, although provision is made for 
occasional frequency comparison between ter- 
minals. The 124-kilocycle output is subdivided to 
produce 4 kilocycles to drive the harmonic gener- 
ator supplying the harmonics of 4 kilocycles to 
the channel carrier-frequency-selecting filters and 
distributing points. The odd harmonics are pro- 
vided by a saturated inductance, and the even 
harmonics by a rectifier circuit. 

Odd harmonics of 12 kilocycles are produced 
in another frequency-generating panel to supply 
the 420-, 468-, 516-, 564-, and 612-kilocycle sup- 
plies for the group modulators and demodulators, 
the 612-kilocycle frequency also being used for 
number 1 supergroup. Odd harmonics of 124 
kilocycles produced by a third generator provide 
the carrier frequencies for the remaining super- 
group transposition processes. One of these fre- 
quencies—2604 kilocycles—is also used as a pilot 
to control the line amplifiers. Further details of 
the carrier-supply arrangements are given in the 
diagram. 


2.5.2 Coaxial-Line Equipment 


The line equipment is considered to include the 
line amplifying and equalising equipment, pilot- 
control apparatus, and power-separating filters at 
both terminals and repeaters, as well as the 
coaxial tubes themselves. 


Fig. 6 is a schematic diagram showing vari- 
ous types of stations. 

At the sending terminal, two pilot frequencies 
at 60 kilocycles and 2604 kilocycles are added to 
the outgoing supergroup signals and pass through 
the line amplifier combined with the power-sep- 
arating filter to the coaxial tube. The level of each 
channel at this point is — 1.15 neper (— 10 deci- 
bels) relative to the transmitting toll-test- 
board level. At intermediate repeaters and at the 
distant receiving terminal, the incoming signals 
pass through the power-separating filter, build- 
ing-out network, and equaliser, to the line ampli- 
fier; the gain and equalisation here are automati- 
cally controlled by the pilot currents through the 
use of thermistors. Thermistors are circuit ele- 
ments in which the electrical resistance varies 
widely with change in temperature, and hence, 
with the amount of current passing through the 
thermistor. 

Changes in line attenuation are mainly attrib- 
utable to changes in temperature of the cable, 
and the “form” of the change is therefore predict- 
able. This makes it possible to effect the neces- 
sary compensation by means of the 2604-kilo- 
cycle pilot only, at the majority of stations; 
while correcting for deviations at the low end of 
the frequency range by means of the 60-kilo- 
cycle pilot at certain repeaters and at terminals. 


2.5.3 Coaxial-System Power Supplies 


The channel, group, supergroup, and carrier- 
generating equipment at the terminals operate 
from 21- and 130-volt direct-current supplies. 
Single-phase alternating-current power at 50 
cycles per second supplies the coaxial-line repeat- 
ers and, by feeding the power over the coaxial 
tubes themselves, it is possible to obviate the 
need for local power supplies at most of the inter- 
mediate repeater stations. Such stations are 
termed “auxiliary repeaters”; they are unat- 
tended, and in practice it is possible to have up to 
10 such repeaters between power-feeding sta- 
tions. Because so many circuits depend on coaxial 
systems, reliable standby power plant is needed, 
and it is customary to staff power-feeding sta- 
tions which are, therefore, normally terminals 
and intermediate stations designated ‘‘main re- 
peaters.” It is usual to apply the 60-kilocycle- 
pilot correcting circuits as well as 2604-kilocycle 
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control at these sta- 
tions, and also to equip 
auxiliary equalisers. 
Also, since they are 
staffed, they are con- 
venient stations at 
which to locate certain 
types of maintenance 
test gear. 

The application of 
power to the coaxial 
cable at 650 volts in- 
volves the use of filters 
to separate the power- 
and telephone-trans- 
mission paths, and also 
special interlocking 
protection devices to 
prevent handling the 
dangerous parts of the 
circuit while the power 
‘is on. 


(оэ M) 


2.5.4 Maintenance 


To assist with inter- 
station maintenance, 
two pairs of the in- 
terstice quads normally 
laid up in the cable together with the coaxial 
tubes, are used to provide a supervisory speech 
circuit, and two other pairs are used for trans- 
mitting alarm conditions. The arrangement is 
shown in Fig. 7; faults indicated back to the 
control station include failure of power supply, 
deterioration of valves, and failure of 2604- and 
60-kilocycle pilots. The bridge locating circuit 
enables the controlling station to identify the 
station from which the fault originates. In as- 
sociation with the above-mentioned supervisory 
facilities, specialised testing gear is also provided 
to maintain the system on a routine basis while it 
is in normal traffic operation or when faulty con- 
‘ditions occur. 


2.5.5 Station Layout 


Figs. 8A and 8B show typical station layouts 
for large and small coaxial terminals as indicated 
in the table. They include spare power cubicles 
for normal derivation of 21- and 130-volt direct- 
current supplies from the mains, but do not in- 
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Fig. 9—Typical layout for main repeater station including standby power equipment. 


clude spare standby plant for replacing the 
mains. 

Fig. 9 shows a typical layout of a main repeat- 
er, and in this case the mains standby plant is in- 
cluded. The floor plan for an auxiliary repeater 
station is not shown, since this requires only one 
small bay of equipment, approximately 2-metres 
(63-feet) high. 

Various types of housing can be used for aux- 
iliary repeater stations, including small metal- 
clad cupboards similar to lighting or tramway 
pillars which serve to enclose the bay. 

The problem of housing equipment is nowa- 
days of great importance because of the need for 
concentrating building materials and labour on 
the reconstruction of the large number of houses 
and other domestic buildings destroyed during 
the war. This problem has been aggravated by 
the lack of building during that period, and the 
result has been that considerably more attention 
has been paid to the reduction in size of equip- 
ment than would have been considered justified 
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Fig. 10— Typical frequency allocation and routing of coaxial groups to 
24-channel system. 
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in the past. It is naturally important that reduc- 
tion in size should not be accomplished at the 
expense of performance, and studies therefore 
start with this as a requirement. The channelling 
equipment offers more scope for reduction in size, 
and this reduction is well on the way to fulfill- 
ment. As is shown here, the high-frequency part 
of the repeater represents so small a proportion 
of the whole, that reduction in size must apply 
to the power plant or supervision facilities. These 
can only be simplified at the expense of modify- 
ing requirements, so that for the present little 
change is foreseen. 


2.6 INTERWORKING OF SYSTEMS 


So far, the main methods of obtaining first- 
grade telephone circuits have been discussed, but 
an important aspect from the point of view of a 
telephone administration working to build up a 
network is the degree to which standardisation 
of apparatus, circuits and operating and main- 
tenance practices can be obtained. To achieve a 
closely welded overall system, it is obviously 
desirable that blocks of 


Fig. 10 shows how the frequency allocations of 
the 12-/24-channel systems, and the basic super- 
group of the coaxial systems, permit flexibility 
and interworking. At junctions of multi-pair 
carrier systems, coaxial systems, or 12-channel 
open-wire systems, it is unnecessary to reduce 
channels to the voice-frequency range to in- 
terconnect on a group basis. Arrangements are 
made so that a coaxial terminal is normally 
broken down to the basic-group stage, and any 
such group is then available for routing at will 
(through a distribution frame) to the group stage 
of any of the following: 


A. 12-channel carrier-on-cable system. 
B. 24-channel carrier-on-cable system. 
С. 12-channel open-wire system. 

D. A second coaxial-cable system. 

E. A voice-frequency terminal. 


In the case of A to D, it is necessary to include 
a filter between the two connected systems, as 
shown in Fig. 11. 


channels, quality pro- DISTRIBUTING 
vided by each channel, SUPERGROUP арса И WIDE C AECUENDY 
" TRANSLATING 
guaranteed carrier- ERON содр EQUIPMENT CNN NEES loups Vae 
supply systems etc all EXTENSION OVER TOLL SYSTEM 
, EE) о 
conduce to this end. 
It has already been l 9 
pointed out .that the | GROUP AND 
, GOAXIAL --& SUPERGROUP 
systems discussed here SYSTEM B 9 TRANSLATING TO COAXIAL CABLE B 
. EQUIPMENT 
use the basic 12-channel 
group in the 60—108- А 
р 
kilocycle frequency 
e Q 
range, and that this È 
а H oz I2- CHANNEL SYSTEM GROUP 
group is used to build ux OR CIRGUITS 1—12 OF|—-O- H — =O MODULATING 
up 12-channel, 24-chan- zu 24-CHANNEL SYSTEM EQUIPMENT TO-12" CHANNEL CABLE 
, «т < 3 
nel, and coaxial sys- " ME о CIRCUITS 1-12 OF 24-CHANNEL 
+ . o 
tems; and it is also 988 
2 
used for the 12-channel 295 9 
, А oko 
open-wire carrier tele- PE CIRCUITS 13-24 
= ОЕ =| =D) 
phone system. All the 9s 24-CHANNEL SYSTEM TO CIRCUITS 13-24 
channel band-pass fil- z a 84- CHANNEL CABLE 
ters | that control the ` 
quality give a similar 9 
performance and are ads 
. FREQUENCY 
made in large quan- 12- CHANNEL O=» =O TRANSLATING 
OPEN-WIRE SYSTEM EQUIPMENT TO 12~CHANNEL 


tities, thereby reducing 
manufacturing costs. 


OPEN-WIRE LINE 


Fig. 11—Diagram illustrating alternative routing of a single coaxial group. 
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There is no doubt, in 
our view, that for multi- 
pair carrier working, the 
straightforward 2-cable 
system is best and most 
economical. Occasions 
can arise, however, where 
for the time being, at any 
rate, it is considered 
essential to de-load and 
use an existing cable or 
cables. The case of two 
such cables used on a go- 
and-return basis in the 
normal manner has been 
already treated by A. J. 
Jackman and R. A. 
Seymour’. In the special 
case where it is necessary 
to utilise one cable for 
transmission in both directions, the two direc- 
tions are separated on a group-frequency basis, 
an untransposed basic group being transmitted 
in one direction and a transposed group in the 
other. 


LINE А 
TERMINAL B 


2.8 12-CHANNEL CARRIER USING SEPARATE 
PAIRS 


In this arrangement, 12 channels in the 12—60- 
kilocycle range are transmitted on one side cir- 
cuit of a quad, and 12 in the 60-108-kilocycle 
range are transmitted in the other direction on 
the other side circuit. This method avoids re- 
balancing the cable, and is really a near approach 
to the standardised system, since repeaters are 
straightforward and no directional or separating 
filters are needed. In practice, 24-channel-system 
amplifiers and equalisers may be used, and at a 
later date when an additional cable can be laid, 
the same repeater equipment may be employed 
to double the capacity of the route. 


2.9 10-CHANNEL SYSTEM ON ONE PAIR 


By this method, any pair that can be made 
suitable from a crosstalk-balancing point of view 
may be made to carry 10 channels in each direc- 


зА, J. Jackman and В. A. Seymour, "Application of 
12 Circuit Carrier Telephony to Existing Cables," The 
Post Office Electrical Engineers! Journal, v. 34, p. 169; April, 
1941. 
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Fig. 12—Terminal equipment for 10-channel carrier system 
for operation with go and return on one pair. 
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tion. An arrangement of the terminals is shown in 
Fig. 12. At one terminal, the unmodulated basic 
group is reduced to 10 channels by dropping the 
channels between 60 and 68 kilocycles, and is 
transmitted through a high-pass filter to line. 
At the distant terminal this is received through 
a high-pass filter, an equaliser, and an amplifier. 
No group modulation is required. 

In the other direction, the 10 channels occupy- 
ing the range of 12-52 kilocycles, which have 
been transposed in the normal way, are trans- 
mitted and received through the low-pass direc- 
tional filter. The normal through repeater is 
shown in Fig. 13. This must utilise two direction- 
al filters to separate the two directions of trans- 
mission. The gap between 52 and 68 kilocycles 
is necessary to obtain adequate crossover atten- 
uation of the filters, and also to obtain suitable 
impedance matching of tbe channels near the 
cut-off—an important point on long systems of 
this type. Fig. 13 also shows a frequency-trans- 
posing repeater, which may be used at a junction 
point of three cables to co-ordinate the frequen- 
cies in the different directions of transmission. 

Comparing this scheme with the normal 4- 
wire 24-channel system, i.e., working with two 
cables, the 10-channel system does not appear at 
an advantage. Based on an equal number of 
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channels, the 2-wire-system repeater is roughly 
about five times as expensive as the 24-channel- 
system repeater, because there are twice the 
number of amplifiers and equalisers (since only 
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channels can be carried by one amplifier, con- 
cerns what may be called auxiliary apparatus, 
notably that connected with power supply and 
supervision. In any multi-channel system, these 
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Fig. 13—(4)—Normal through repeater. ( B)—Frequency-translating repeater for 10-channel carrier system for 
operation with go and return on one pair. 


10 channels are amplified in a group), and there 
is also the additional cost of the directional filters. 
Since there are more than twice the number of 
amplifiers for the same number of circuits, the 
power requirements are correspondingly in- 
creased. The equipment may also be of the order 
of three times the bulk, and hence the building- 
space requirement is correspondingly greater. 
The cost difference at terminals is relatively 
small, so that the overall economics of the two 
systems depend on the number of circuits re- 
quired, the cost of the second cable, and the 
length of the circuits, i.e., the relative preponder- 
ance in cost of repeaters over terminals and cable. 
The general disadvantage of the 10-channel 2- 
wire system is that eventually, when a more eco- 
nomical 4-wire arrangement is realised, the di- 
rectional filters are of no further use. For this 
reason the arrangement described in Section 2.8 
is to be preferred. 


3. Power and Supervision 


A point that becomes of major importance as 
equipment becomes smaller, and more and more 


tend to occupy considerably more space than the 
high-frequency parts of the equipment, and so 
present problems to which careful thought has 
had to be given. 

Since in a coaxial-cable system there must 
exist a cable, it seems reasonable to expect that. 
the cable itself can be used for these purposes, 
and this, in fact, turns out to be the case. 

The power-supply 
problem is neatly 
solved by the trans- 
mission of power 
through the coaxial 
tubes themselves. 
The apparatus at 
the repeater station 
used in connection 
with power supply 
occupies approxi- 
mately 30 per cent 
of the total volunie 
of the repeater. 

Supervision is a 
more difficult prob- 


HIGH FREQUENCY 
25 PER CENT 


POWER 
30 PER CENT 


SUPERVISION 
45 PER CENT. 


Fig. 14—Relative space oc- 
cupancy of main divisions of 
coaxial repeater. 
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lem. When stations are unattended it is always 
necessary to provide means for indicating faults 
and for enabling visiting maintenance staff to 
converse between the station and the nearest 
control station. In the coaxial-cable system, by 
use of inexpensive pairs in the cable itself, super- 
vision and maintenance circuits can easily be 
made available, but the volume occupied by 
these features in the coaxial repeater is approxi- 
mately 45 per cent of the total. 

Thus, as illustrated in Fig. 14, it will be seen 
that only 25 per cent of the volume of the re- 
peater is occupied by the amplification and equal- 
isation, equipment. This point is stressed, as 
statements about the size of the repeater are 
frequently confused with statements about the 
size of the amplifier. 

Only two types of fault indication are essential, 
and these can be designated urgent and non- 
urgent. Non-urgent faults can be dealt with at 
the time of the routine maintenance visit. (Pre- 
sumably in the case of a cable there will always 


be a suitable road or track along which a vehicle 
can move, but for all ordinary purposes a bicycle 
is probably all that is necessary for use in unat- 
tended-repeater-station maintenance.) The ur- 
gent-alarm indication shows that a special visit 
is necessary to a particular repeater station. It 
is, of course, necessary to know which unattended 
station should be visited, and this can readily be 
found in the case of coaxial systems, as described 
earlier. 

Urgent indication would be given only on 
complete failure of the repeater, and adequate 
spares that are automatically inserted obviously 
reduce the probability of the urgent-alarm fea- 
ture being used. Of course, a non-urgent alarm 
would be given when a spare had come into use. 
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Evaluation of Transmission Efficiency According to 
Hartley’s Expression of Information Content* 
By A. G. CLAVIER 


Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey 


HE EFFICIENCY of any transmission 
| system can be estimated as the ratio 
of the amount of information obtained 
in the reproduced message at the receiving 
end to the total amount of information that 
could. have been transmitted theoretically in 
the propagation medium for the bandwidth 
and signal-to-noise ratio necessitated by the 
signals actually utilized. The amount of in- 
formation is evaluated according to the expres- 
sion given by R. V. L. Hartley for telegraphic 
signals, extended to the case of telephony and 
the presence of noise. The transmission efficiency 
thus defined is calculated for the main pulse- 
transmission systems (pulse-amplitude modula- 
tion, pulse-time modulation, pulse-count modula- 
tion, pulsed-frequency modulation) under certain 
assumptions. The various expressions obtained 
are helpful in the comparison between those 
systems, though it must not be overlooked that 
simplicity and cost of equipment will undoubt- 
edly introduce other factors in the final choice 
for any given transmission problem. 


Ф е LÀ 


1. General 


To arrive at an evaluation of the amount of 
information conveyable through any type of 
transmission system, Hartley! started with the 
consideration of what would now be called pulse- 
amplitude-modulated (telegraphic) signals. 

Let л» pulses be transmitted per second, each 
pulse having one of 5 discrete levels. The number 
of distinct sequences that can occur during a 
transmission time of ¢ seconds is 5, The meas- 
ure of the amount of information that such a 
system is capable of transmitting is felt to be a 


* Presented, New York Section, Institute of Radio 
Engineers, New York, New York, November 12, 1947, 

1R. V. L. Hartley, "Transmission of Information,” 
ME System Technical Journal, v. 7, pp. 535-563; July, 


function of this number of sequences. Barring 
any analysis of the psychological content of the 
message, which these signals are meant to con- 
vey, it becomes intuitive that this measure should 
be proportional to the time during which the 
transmission takes place. This determines at once 
the type of function to be used, so that, accord- 
ing to Hartley, the measure of the amount of 
information the signals can convey is expressed by 


Н = ko:log 5"% = £o: n: f-log S, 


ko being a constant that, together with the base 
of the logarithms used, defines the value of a 
conventional unit.of information. 

This definition is easily extended to the case 
of the мо pulses belonging to ne separate chan- 
nels. The pulses pertaining to any one channel 
are divided into n, subframes per second, and 
each subframe in its turn includes n pulses or 
digits. It is obvious that the total amount of 
information is then 


H=ky nen n- tlog S, 


and is thus equal to z, times the amount of 
information assigned to any individual channel. 

These signals, however, will have to be trans- 
mitted through a certain path, which may in- 
clude wire transmission lines, lumped circuits, 
and radio links. A certain number of errors may 
be introduced during that transmission. These 
errors may result from a number of causes, some 
originating in the physical properties of the path 
itself, such as signal distortion and interference 
as well as from thermal noise. Others may come 
from outside, such as interference from other 
transmissions or atmospherics. Moreover, the 
number of errors may depend on meteorological 
factors, such as temperature and humidity, 
leading to fluctuating distortion or fading phe- 
nomena. To secure a sufficiently correct repro- 
duction of the “message” at the receiving end, 
it will thus be necessary to adopt a minimum 
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value for the signal amplitude. If the limiting 
factor is thermal noise, it will establish a mini- 
mum signal-to-noise ratio at the receiving end 
for satisfactory communication. On the other 
hand, the type of signals and such properties of 
the transmission path as attenuation versus 
frequency and transmission delay or phase 
change versus frequency will determine the 
minimum frequency range or bandwidth for 
correct operation of the system. 

The path over which the signals are trans- 
mitted will thus be characterized fundamentally 
by a minimum bandwidth and a minimum signal- 
to-noise ratio. An ''ideal" type of “line” may be 
devised to serve as a basis for comparing different 
transmission systems. This ideal line will be 
endowed with the same bandwidth as the trans- 
mission path considered, but will present opti- 
mum properties as regards attenuation and 
phase response. That is to say, it will have a 
constant attenuation within its frequency range 
and infinite attenuation outside. The phase 
response will vary linearly with frequency within 
the bandwidth. 

Such a line is, in effect, equivalent to an ideal 
low-pass filter with an abrupt cut-off frequency 

;. Any impulse of infinitely short duration but 
finite amplitude will produce à response propor- 
tional] to 

sin 2afr:t 
2«ft' 


so that a series of such impulses separated by 
time intervals equal to if, will generate inde- 
pendent instantaneous amplitudes which, theo- 
retically at least, could be detected with neg- 
ligible interference. However, the signal-to-noise 
ratio that must be used in the physical trans- 
mission path leads to a limitation on the number 
of separate levels that could otherwise be dis- 
tinguished (those in the corresponding ideal 
line). Any signal amplitude S will be affected by 
noise; let N be the root-mean-square value of 
this noise, supposedly of thermal origin, i.e., 
having the normal random distribution. The 
probability of the deviation of the received 
amplitude being larger than Nv2 is small, about 
5 percent. Thus, if we adopt Nv2 as the differ- 
ence between two signal levels, we should have a 
small percentage of error due to noise. The total 
number of distinguishable levels on. the ideal 


line is thus given by 
S+Nv2 Ši S 
N2 N2’ 
with a reasonable approximation. It follows that 


the amount of information transmittible on the 
ideal line is measured by 


| 5 
Н = * ‘Le —— . 
1 Ro 2fi t log ( Log) 


It is suggested that the efficiency of the trans- 
mission system under examination be evaluated 
as the ratio of the amount of information re- 
covered in the received message to this quantity 
Нм, which is the maximum amount of informa- 
tion that can be transmitted on the correspond- 
ing ideal line. 

In the case of telephony, however, the received 
message will generally consist of a continuous 
curve of amplitude versus time. This curve will 
be limited in frequency range; let fm be the upper 
limit of this frequency band. It can be observed 
that, should this curve be sampled by means of 
equally spaced pulses at a rate of 2fm per second, 
the amount of information contained in the 
series of pulses would be the same as for the 
continuous curve, since this latter curve could 
be extracted from the pulses by means of an 
ideal filter, and no other process would lead to 
any larger amount of information. Let S, and 
Кы be the message amplitude and root-mean- 
square value of the message noise, respectively. 
The amount of information in the message is thus 


Sm 
Hm=ko'2fm'tm'l 1+5 . 
iud «( UN ) 
According to the prévious definition, the 


transmission efficiency of the system considered 
will be 


It should be observed, however, that it is as- 
sumed here that the object of the transmission 
system is to reproduce with fidelity a continu- 
ous curve of amplitude versus time. No account 
is taken of the particular properties of the ear 
as the ultimate organ to be acted on, and all the 
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following considerations suffer from that limita- 
tion. 

The expression for у shows at once that all 
systems for which, in the ideal line, the product 
fri, remains constant and the signal-to-noise 
ratio unaltered, have the same efficiency. There 
can thus be an interchange between bandwidth 
and transmission time. A simple instance is the 
recording of a message to be transmitted, this 
record then being delivered to the line at a 
different speed from the recording speed. 

Those systems for which t,=t:, as well as 
=}, and Sp/Nm=S1/Ni, have 100-percent 
efficiency. This is the case for single-sideband 
transmission over one message channel. When 
single-sideband transmission is used for a number 
of channels transposed in frequency (utilizing 
the so-called frequency-division. method, as 
opposed to time division), the necessary line 
bandwidth is increased by the amount required 
for the separation of the different message chan- 
nels by band-pass filters. This lowers the effi- 
ciency to about 85 percent when quartz filters 
of modern design are utilized. 

'The most prominent transmission systems are 
analyzed below in the light of the foregoing 
considerations. Frequency modulation (FM), 
pulse-time modulation (PTM), pulse-count mod- 
ulation (PCM), pulse-amplitude modulation 
(PAM), and pulsed-frequency modulation (PFM) 
are included. It is assumed in all cases that a 
high signal-to-noise ratio is required for the 
message, and a value of 60 decibels has been 
chosen as being conventional. 


2. Frequency-Modulation Systems 


Frequency modulation is too well known to 
require any description. Let ne channels be 
transmitted simultaneously, the frequency range 
of cach channel being fm. The information in the 
reproduced message will be 


i S, 
Hyq-—2hby no fatdog ( +95): 


The ideal-line characteristics are easily de- 
termined. The modulation frequency range will 
be somewhat greater than ne'fm, say, 1.2ne-fim 
as explained above, to allow for separation of 
the channels by means of filters. Let m be the 
modulation index. The minimum line-bandwidth 


for acceptable distortion is generally considered 
to be 
2(т-+Е1)Хх 1.2}. 


The information content transmittible over 
the line will be 


Si 
Him=4ko(m+1) X1.2ne-fm-t-log ( 5), 


resulting in the following expression for the 
transmission efficiency: 


Sm 
Te 1 log ( 1+7) 
24(m+1) | ГА ) 
log 1+ 5 


Now the relation between signal-to-noise 
ratios for the message and the line is known to be 


р ts By, 

N v2 E mwv3 N mV 
This relation holds as long as S;/N;V2 is suff- 
ciently greater than 1 (say, 3), so that the signal 
remains above the so-called frequency-modula- 
tion threshold. As we assume 20 log (Sm/NmV2) 
to be equal to 60; this means that the validity of 
the expression for 7 is limited to values of m 
smaller than 1000/3v3, or 192. 

Up to a value of 7-100, the units under the 

logarithms can be neglected without appreciably 
altering the results, so that 


_ 1.25 | 
Tn (m4-1)(2.76 —log m) 


The results are shown in Table 1. 


TABLE 1 
TRANSMISSION EFFICIENCY FOR FREQUENCY-MODULATION 

SYSTEMS 

m n m 7 

1 0.23 7 0.080 

2 0.17 8 0.075 

3 0.14 9 0.070 

4 0.12 10 0.065 

5 0.10 50 0.020 

6 0.09 100 0.016 


3. Pulse-Time-Modulation Systems 


For pulse-time modulation, the signals con- 
stitute a series of pulses which, in the absence of 
modulation, are of equal height, equal width, 
and equally spaced in time. This series is di- 
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vided into sw, interlaced subseries, и, being the 
number of channels. With the introduction of 
modulation, each pulse is displaced in time 
proportionally to the instantaneous amplitude of 
the modulating message. Means are provided at 
the receiving end to separate the subseries and 
convert the time modulation back into the orig- 
inal continuous curve of amplitude versus time 
that constituted the message.? 

The message information content per channel 
is, therefore, 


Sm 
Fm =2ko- fmt log ( Legi) * 
'The ideal-line characteristics are determined 
as follows. 

: The frequency range will be such as to keep 
the interference between any one pulse and those 
following less than the difference between two 
distinguishable levels on the line. 

Let т be the pulse duration and +d be the 
maximum time displacement; the number of 
channels is 


re ЕЕ . 
afar (1422) 


-To simplify, no account is taken of any marking 
pulse inserted for the separation of the channels. 

The relation between the signal-to-noise ratios 
in the message and the line is found to be? 


= 


Sy _@ Ку 
№ „У2 gNyv2’ 


£ being the rise time of the signal, which is sup- 
posed to be approximately trapezoidal. A reason- 
able assumption is g — 7/2. Then, 


S _т Sm, 
Ñv? 2dN,,v2 


In the following, d/r will be kept under a 
value that will bring S;/N;V2 below 3 (ie. 


d/r<166). Let this quantity be called m, and a 


value of 60 decibels be assumed for the message 
signal-to-noise ratio. The units under the loga- 
rithms in the expression for 7 can be neglected. 


? E. M. Deloraine and E. Labin, “Pulse Time Modula- 
tion," Electrical. Communication, v. 22, n. 2, pp. 91-98; 
1944. 


Let the bandwidth of the line be called В; then 
finally, 


| log Sm 
_ 1 Кьм2 
1—2B«(2m4 1) MESE: 
2m N v2 


The quantity Br can now be determined with 
the condition of limited interference between 
successive pulses, assuming an exponential law 
for the attenuation of the signal with time on the 
line and a time constant of 1/rB: 


For a message signal-to-noise ratio equal to 
60 decibels, the transmission efficiency is ex- 
pressed by 

2 
1 (Qm+1)(2.7 —log m? 


The results are shown in Table 2, which gives 
values for у when g— 7/2 and 7/3. 


TABLE 2 


TRANSMISSION EFFICIENCY FOR PULSE-TIME- 
MODULATION SYSTEMS 


1 "n 
(g=7/2) | 7/3) (g=r/2) | (= т/3) 

05 | 0.11 0.13 6 | 002 | — 
1 0.09 | 011 7 | 0039 | — 
2 0.07 2 s | 006| — 
3 0.057 | — 9 | 004 | — 
4 0.050 | 0.06 10 | 0.023 | 0.04 
5 0.045 | — 


4. Pulse- Count- Modulation Systems 


Pulse-count modulation, as first described by 
A. H. Reeves in United States and French 
patents? makes use of three successive opera- 
tions: sampling, quantizing of the sampled am- 
plitudes, and transmission of the quantized 
amplitudes by means of a code similar to that 
utilized at the beginning of this paper to intro- 
duce Hartley's method of measuring the amount 
of information conveyable in transmission sys- 
tems. Quantizing means that the amplitude range 
of the modulating signal is divided into a finite 


3 A. H. Reeves, United States patent 2,272,070; February 
3, 1942. French patent 852,183; October 23, 1939. 
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number of discrete levels. Any sampled ampli- 
tude will fall between two successive levels; only 
that level closer to the actual signal amplitude is 
transmitted.^-9 

Let m be the number of levels used; the mes- 
sage information content, where ne channels are 
transmitted, is 


Ay =2Ro-ne-fm:t-log m, 


fm being the frequency range of each individual 
channel. 

Let the code comprise » digits, each having s 
discrete values. This means that the number 
of levels is m=sv. The minimum bandwidth for 
the line can be shown‘ to be vn.fm, so that the 
transmission efficiency is 


As v=log m/log s, the transmission efficiency 
can also be written 


log s | 
M 
ec (rog) 


When the code used is binary, s=2, the rela- 
tion between signal-to-noise ratio in the line and 
message can be shown to be 


Sm 5; | 
20 1 ——— =2.2 = , 
°8 ava co 


provided the number of digits in the code is 
sufficiently large, exceeding, say, 3 or 4. 

Assuming that, as for the systems previously 
considered, a signal-to-noise ratio of 60 decibels 
is required for the message, the transmission 
efficiency of pulse-count-modulation systems is 
found to be approximately 0.4, and is inde- 
pendent of the number of digits in the code 
provided it is larger than 3 or 4. 

This means that whatever the amount of dis- 
tortion specified for the reproduced message 
(which determines the number of levels m) may 
be, the pulse-count-modulation transmission effi- 


n= 


*D. D. Grieg, “Pulse-Count Modulation," Electrical 
Communication, v. 24, pp. 287-296; September, 1947. 

>Н. S. Black and J. О. Edson, "PCM Equipment,” 
н Engineering, у. 66, pp. 1123-1125; November, 
EW. M. Goodall, “Telephony by`Pulse Code Modula- 
tion,” Bell System Technical Journal, v. 26, pp. 395-409; 
July, 1947. 
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ciency, as defined in the text, remains the same 
for a binary system of coding. 


5. Pulse-Amplitude-Modulation Systems 


With pulse-amplitude modulation transmitted 
over a line where transient response varies ex- 
ponentially with time, and assuming n, channels 
to be transmitted, each fm cycles wide, the line 
bandwidth B will be conventionally determined 
by limiting to less than the minimum distin- 
guishable level Niv2 the effect of interference 
produced by a pulse of maximum amplitude on a 
succeeding pulse. 

This gives 

Si 
Nw2' 
т being the pulse duration, equal to $»;f». 

The relation between signal-to-noise ratios in 
message and line is, for full modulation, 


grBr = 


win? (3) 5 
Nw2 B] N,v2' 
so that B/fm is determined by 


2.232. (s) e]. 
Ne Ja 2d T 8 В Куз 
Once B/fm is found, the transmission effi- 
ciency can be calculated according to definition : _ 


"=r B 8 Nav 
Let the message signal-to-noise ratio be 60 


decibels as before; the two equations giving 
B/fm and т are 


: B 
"P" 3.3—0.5 ок}, 


The results are listed in Table 3. The num- 
ber of channels has been limited to a value for 


TABLE 3 


TRANSMISSION EFFICIENCY FOR PULSE-AMPLITUDE- 
MODULATION SYSTEMS 


Re B/fn. B/ncfm » 

1 8.3 8.3 0.13 
20 130 6.5 0.21 
50 300 6.0 0.24 

100 555 5.5 0.28 
400 1950 4.9 0.37 


EVALUATION OF TRANSMISSION EFFICIENCY 


419 


which the signal-to-noise ratio in the line re- 
mains large enough to allow for substantially 
100-percent modulation. 


6. Pulsed-Frequency-Modulation Systems 


By pulsed-frequency modulation is meant a 
system utilizing a series of pulses of equal height, 
equal width, with fixed position in time, and the 
information being transmitted by frequency 
modulating the high-frequency carrier wave. 

The required line bandwidth is then approxi- 
mately | 


Bot2(m+1)fm; 


В, being the additional bandwidth needed for the 
correct transmission of the pulse shape, m the 
frequency-modulation index, fm the bandwidth 
of each of the ne channels being transmitted. 

This necessitates the separation of the channels 
before frequency discrimination takes place. 

The relation between signal-to-noise ratios in 
message and line is assumed to be the same as 
for standard frequency modulation ; 


PE 
Nv? mv3N.N2 


The extra bandwidth B, is determined by the 
fact that the interference caused by one pulse on 
the following should be less than the effect of 
noise. Assuming that 60 decibels are required 
for the message signal-to-noise ratio, this means 
that 


20 log е"Вот X 60, 
т being the pulse duration. 
This gives 
Bor 5 2.2. 
ТАВГЕ 4 


TRANSMISSION EFFICIENCY FOR PULSED-FREQUENCY- 
MODULATION SYSTEMS 


Transmission Efficiency 7 
т 
Не =1 Ne =20 ne =100 Ne =400 

1 0.08 0.12 0.12 0.12 
5 0.07 0.15 0.16 0.16 
10 0.06 0.17 0.19 0.19 
50 0.023 0.20 0.29 0.31 
100 0.020 0.21 0.36 0.42 


Taking the lower limit, the expression for the 
transmission efficiency is found to be 


1 3 
"авдет 2.76—log m 
А Ne 

The results are tabulated in Table 4 for 
various numbers of channels. In all cases, the 
frequency-modulation index should, of course, 
remain under a value leading to a signal-to- 
noise ratio so low that the relation between sig- 
nal-to-noise ratios in message and line is no 

longer valid. 


7. Conclusions 


The foregoing examples give sufficient illus- 
tration of the usefulness of the transmission- 
efficiency coefficient as defined, together with its 
limitations. It will be seen that frequency modu- 
lation and pulse-time modulation behave in a 
very similar way; the transmission efficiency :ӣе- 
creases as the bandwidth used for the same over- 
all modulating bandwidth is increased. This is 
obvious when it is recalled that the transmission 
efficiency is nothing more, in this case, than the 
product of the ratio of bandwidths in message 
and line by the ratio of signal-to-noise ratios in 
message and line, the second factor being ex- 
pressed in decibels. The increase in bandwidth 
is not sufficiently compensated for by the de- 
crease in decibels of the signal-to-noise ratio in 
the line. This should not be interpreted to mean 
that an increase in bandwidth should not be 
considered for such transmission systems, as 
the gains in signal-to-noise ratio in the line may 
well be the decisive factor, as, for instance, in 
the case of radio links where a reduction in 
transmitter output is generally a very desirable 
feature. 

Pulse-count modulation is shown to have a 
higher transmission efficiency than the previously 
mentioned systems. It should be noted, however, 
that the apparent constancy of this factor for 
various numbers of digits in the code tends to 
mask the fact that the amount of information in 
the received message is not transmitted with 
equal accuracy for these different codes. The 


distortion introduced by the quantization process : 


depends on the number of digits used. Should it 
be required that the distortion be of the same 


420 


ELECTRICAL COMMUNICATION 


order as the noise tolerated in the message (that 
is, 60 decibels below signal level), it can be shown 
that the number of digits should be approxi- 
mately 11. Fewer digits will give higher distor- 
tion, but this can be tolerated in many cases, 
although the noise should remain at a much 
lower level to avoid its being bothersome during 
intervals between speech. A higher number of 
digits would be unnecessary, unless a higher 
signal-to-noise ratio is to be achieved in the 
message. 

The last two modulation methods have been 
included to show that an increase in bandwidth 
may lead to an increase in transmission effi- 
ciency, contrary to what happens for frequency 
modulation and pulse-time modulation. This is 
the case for pulse-amplitude modulation with 
the assumptions made; other considerations, 
such as fading phenomena on radio links, will 
often rule out this kind of modulation. Pulsed- 
frequency modulation appears to be quite favor- 
able when the transmission of a great number of 
channels is considered, provided the circuitry 
involved does not prove to be uneconomical. 


On the other hand, this same system would not 
be suitable for transmitting a message occupying 
a large bandwidth in itself. 

It should not be overlooked that transmission 
efficiency as defined is just one factor among 
many involved in the choice of a communication 
system to meet specific requirements. Prevalence 
of bandwidth considerations over signal-to-noise 
ratios, or vice versa, simplicity and reliability of 
equipment, both at transmitter and receiver, 
number of repeaters, degree of privacy required, 
cost of manufacture and maintenance ; all of these 
are significant and cannot be included in an 
oversimplified factor of merit such as trans- 
mission efficiency. 

There is, perhaps, no better conclusion than 
to quote Hartley, who stated,! 


It will, of course, be found that in very many cases it is 
not economically practical to make use of the full physical 
possibilities of a system. A criterion is, however, often 
useful for estimating the possible increase in performance 
which may be expected to result from improvement in 
apparatus or circuits, and also for detecting fallacies in 
the theory of operation of a proposed system. 


Recent Telecommunication Developments 


REED No. 47 TAPE TELEPRINTER—Plans 
have been initiated for converting the 
British Inland Telegraph service to fully auto- 
matic switching. The introduction of nationwide 
automatic switching is also contemplated by the 


telegraph administrations of France, Holland, 
Belgium, and Denmark. 

For such services to be economically successful, 
the teleprinters must not require operators in 
constant attendance. No time must be lost in 
receiving an answer to an incoming call or in 
confirming that a message has been correctly 
received. It must also be possible to transmit to 
any teleprinter with complete assurance that 
connection with the correct office has been made, 
that its printer is in a condition to receive traffic, 
and that there is an ample supply of paper tape 
that is feeding correctly. The teleprinters must 
also be capable of long periods of heavy service 
with minimum attention. To meet these needs, 
Creed and Company has introduced a new tape- 
model teleprinter, which embodies those units 
of the No. 7 page model that have proved en- 
tirely dependable under the most arduous condi- 
tions. Many novel features, which make this new 
machine particularly suitable for use in auto- 
matic switching networks, have also been 
included. 

An “answer-back” unit provides confirmation 
that the correct office has been contacted. 

The typewriter ribbon and roll of paper tape 
can be renewed without removing the printer 
cover or stopping transmission. The location of 
the printing point and of the tape tear-off 
position ensures good visibility and ease in 
handling incoming traffic. Should the paper 
tape break, become expended, or fail to feed 
forward, a tape alarm gives positive warning 
immediately and transmission is interrupted. 


An orientation device, in association with 
high-grade signals from the striker transmitter 
fitted to the keyboard, furnishes a ready means 
of testing the operating margin of the instru- 
ment. 

Maintenance is facilitated by unit construc- 
tion and a lubrication system permitting over 300 
hours continuous operation without attention. 

A four-row keyboard can be supplied and 
incorporates a shift-lock mechanism as a safe- 
guard against failure to operate the “figure” 
and "letter" shift keys. A three-row keyboard 
with double character keys or a commercial 
typewriter keyboard with automatic 
change mechanism can also be provided. 

A message tray may be used. It incorporates 
a station indicator and provides convenient 
means for the separation and storage of incom- 
ing and outgoing traffic. 

The dimensions of the printer makes it well 
suited for use at manual switching positions. 


"case" 


TCHINGS OF ERLANG—The Bureau de l'Union 
Internationale des Telecommunications pub- 
lished in 1935 the first of a series of etchings of 
noted contributors to the telecommunication 
sciences and arts. There has recently been added 
to this series a portrait of Agner Krarup Erlang. 
Erlang is widely recognized for his mathe- 
matical work in the field of telephony, which is 
perhaps best epitomized by his formula for the 
distribution of telephone waiting times. Al- 
though most of his professional life was spent 
during the opening decades of the twentieth 
century with the Copenhagen Telephone Com- 
pany, his interests were not restricted to tele- 
phony but embraced physics and electricity and 
among the arts, philosophy, history, and poetry. 
All etchings in the series are still available 
from the Bureau at Effingerstrasse 1, Berne, 
Switzerland at 3 Swiss francs each, including 
mailing and packing. The etchings including 
margins are 23 by 17 centimeters (9 by 6$ inches) 
on luxury paper. Portraits of the following may 
be ordered: Ampére, Baudot, Bell, Erlang, 
Ferrié, Gauss and Weber, Hertz, Hughes, Mar- 
coni, Maxwell, Morse, Popov, and Siemens, 
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Yin Memoriam 


JOHN EDWARD KINGSBURY 


JOHN EDWARD KINGSBURY died on November 
4, 1948. At the time of his death in his 94th year, 
he was the oldest man in the world who had been 
concerned with the development of the tele- 
phone. He had been associated with many tele- 
phone pioneers including Alexander Graham Bell. 

In 1883, Mr. Kingsbury opened a small office 
in London as the representative of the Western 
Electric Company. From this modest beginning 
was developed Standard Telephones and Cables, 
Limited, an associate company of the Inter- 
national Telephone and Telegraph Corporation. 

Telephone equipment and exchanges were sup- 
plied and installed for the National Telephone 
Company and other companies. In 1897, he was 
instrumental in purchasing the North Woolwich 
works of Fowler Waring ‘Cable Company, which 
is still a manufacturing unit of the Standard 


organization. Mr. Kingsbury retired from active 
management in 1906 but continued until 1925 
as a director of Western Electric Company 
Limited. He was also actively associated with 
Damard Lacquer Company and with Bakelite 
Limited, with which the former company was 
merged. 

Mr. Kingsbury joined the Society of Telegraph 
Engineers in 1887 and played an active part in 
developing that organization into the Institution 
of Electrical Engineers. He served as vice presi- 
dent, honorary treasurer, and as a member of 
the council of the Institution between 1900 and 
1920. 

His exhaustive treatise, “The Telephone and 
Telephone Exchanges—Their Invention and De- 
velopment” was first published in 1915 and is 
still consulted as a standard work. 
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